o i

AN ANALYSIS
OF THE MARINER 4

PHOTOGRAPHY OF MARS
C. R. CHAPMAN, J. B. POLLACK, and C. SAGAM

. gpo PRICE

cesT! P pRICES
piard coPY (HC) /

e Microfich® ¢

30‘;

/7
{COD,
(AT

Smithsonian Astrophysical Observatory
SPECIAL REPORT 268

(ACCESSION NUMBER)
a;‘c/ss) —
(NASA CR OR TMX OR AD NUMBER)

209 WYOd ALlIDVA



Research in Space Science

SAO Special Report No. 268

AN ANALYSIS OF THE MARINER 4 PHOTOGRAPHY OF MARS

Clark R. Chapman, James B. Pollack, and Carl Sagan

February 14, 1968

Smithsonian Institution
Astrophysical Observatory
Cambridge, Massachusetts 02138

708-11



TABLE OF CONTENTS

Section

ABSTRACT. « v v v v v v v e e e e e e e
1 INTRODUCTION . .. .... S
2 A NEW REDUCTION OF THE CRATERING STATISTICS. . .
3 CRATER EROSION AND OBLITERATION .. ..........
4 SOURCES OF IMPACT CRATERS. + v vt e v vt ee e v v ..

5 MAJOR TOPOGRAPHICAL FEATURES AS POSSIBLE
CRATERS. « v v v vt ettt een e e e cee
6 EROSION MECHANISMS . . . .. DR I I
7 CRATERS AS SOURCES OF DUST + + v v v v e v v v v vn S
8 CRATER AGES « - « « v+ o e et e e e e e

9 VARIATION OF CRATER DENSITIES WITH POSITION
CON MARS . &t ittt e e e e e e e e e
10 RECOMMENDATIONS FOR FUTURE WORK. . . . .......
1 ACKNOWLEDGMENTS . & s v vt vt ittt ettt oo ann
REFERENCES: « v vttt vttt et ettt e et eeeen e
APPENDIX A « + s ot eeoee oo e e e e e
APPENDIX B . o i v o it et et et et e e e e
BIOGRAPHICAL NOTES .« . vt v vttt e et oo eeee e

PRECEDING PAGE BLANK NOT FILMED.

iii



LIST OF ILLUSTRATIONS

Figure

1 Low-quality reproduction of Picture 4 of the Mariner 4
photographic sequence. . . . . . ... L Lo L oL,

2 Sketch of the position of cataloged craters (Appendices
A and B), Picture 4 of the Mariner 4 photographic
sequence

...................................

3 Low-quality reproduction of Picture 7 of the Mariner 4
photographic sequence. . . . . .. . .. .. 0t

4 Sketch of the position of cataloged craters (Appendices
A and B), Picture 7 of the Mariner 4 photographic

SEQUENCE. o v v v v v vt o v o o e s m st o e s e e e e e e e
5 Low-quality reproduction of Picture 11 of the Mariner 4
photographic sequence. . . ... .. .. .... ... e e e e e
6 Sketch of the position of cataloged craters (Appendices
A and B), Picture 11 of the Mariner 4 photographic
SEQUETICE. & v v v v v v v v v o 0 o s o s o s oo s b s e e e e e
7 Diameter-frequency plot for Pictures 7 through 14,

Qualities A and B (left); Pictures 7 to 11, Qualities A
and B (center); and Pictures 7 and 11, Qualities A and B

74 X3 O ..
8 Influence of filling by dust or lava on the class member-
shipofacrater ... .. .. ..t ittt ittt enanenan
9 An attempt to localize approximately the positions of
Pictures 7 through 14 and their largest craters on the
Martian surface. . . . . . .. .0 i i i e e e e e
10 The variation of crater number density with frame number .

iv



LIST OF TABLES

Parameters of Pictures 2 to 15 of the Mariner 4

photography ................................

Crater percentages by class at several diameter intervals

for Mars and the Moon

Minimum diameters for obliteration and equilibrium class

membership . . . . . .. oo e e e

Comparison of predicted and observed numbers of Martian

Craters . & v e i e e e et ot e e e e e e e e e e e e e e e e e e e e e s
Estimates of D from distribution functions .. .. ... .. ..

Predicted values of F .« . v v i o i e v i e e e e e e e e e e e e

Predicted and observed number of craters on Mars

20km =D S D%, BL>3 vt e e e e e e e e e e

f

Percentages of craters by class . . .. ... ... .. ... ... .

‘Mean ages of Martian craters (in units of billions
Of years) « v v v v it e e e e e e e s

18

20

30
32
40

43
47

54



- ABSTRACT

A catalog of nearly 300 craters and crater-like objects has been pre-
pared from several sets of contrast-enhanced high-Qua.lity positive trans- -
parenciés of the Mariner 4 photography. Craters were ide.ntif’ied and counted
by the sarﬁe pfocedures used in the compilatioh of lunar crater catalogs;
particular attention was given to crater class and quality. Counts of craters
with diameters D <20 km begin to show the effects of incompleteness. A
direct in-spéctién of the photographs as well as the constancy of crater
class proportions with crater diameter interval above 20 km indicates that
substantial erosion and oBliferafion of all but the largest craters have
occurred during the history of Mars. The epochs of crater formation and
crater erosion appear to be closely tied together in time. -

A statistical curve-fitting program for the observed crater diameter-
frequency relations and a differential number-density distributidn law of
AD-B give B=2.5+0.2forD>20km or B=3.0% 0.2 for D> 30 km.

The population of impacting objects assumed responsible for these craters
is taken as having a differential number density varying as X_p, where X is
the diameter of the impacting object. The number of 'live"” comets and
Apollo objects crossing the orbit of Mars is insu.fficiént by more than 2 orders
of magnitude to explain the observed number density of craters on Mars.
For asteroidal objects with $ = 2 or 3, the predicted and observed number
densities cannot be brought into agreement unless we assume an early epoch
of very high cratering rates on Mars. For f =4 or 5, agreement between
the predicted and observed number densities can be secured with a nearly
uniform rate of asteroidal bombardment. The absence of saturation bom-
bardment of Mars for very large craters points to a value of § significantly
above 3. This is not inconsistent with expectations for asteroids with

X > 1 km in the inner part of the asteroid belt, In this case, crater diameter
1/3

scales with kinetic energy, W, of the impacting object as W
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For all reasonable values of B, impact damage contributes to crater
erosion and obliteration. The fraction of the surface covered by craters is
of the order unity. For all reasonable values of B, asteroidal bombardment
is capable of accounting quantitatively for the observed values of both A and
B, particularly if the zone of obliteration around Martian craters is larger
than that for lunar craters. For near-saturation bombardment, the existing
observations are of very little use in determining the value of B, or in dis-
tinguishing between saturation bombardment and such other erosion mechan-
isms as windblown dust of impact or of micrometeoric origin; liquid water
on macro or microscales; mountain building; and flooding by lava. The dust
produced by impact during the history of Mars is estimated to have depths
between 0.1 and several kilometers. The diameter of the largest crater
obliterated in 4. 5 X 109 years is calculated to be between 60 and 180 km; for
the lifetime against erosion, assumed to scale as Da, we calculate a =0 for

B=2o0r3, andl =a =2.5 forpP = 4 or 5.

For f < 3, the mean ages of Martian craters are found to be approxi-
mately equal to the age of the planet. However, for P significantly larger
than 3, different craters will have different mean ages, ranging from about
2.25 X 109 years for the very largest craters, down to some tens of millions
of years or less for craters smaller than 20 km. In this case, surface
features of the order of 10 km in width or smaller may have been quite prom-
inent in the eé.rly' history of Mars and undetectable on the Mariner 4 photo-
graphs. Thus, the absence of such signs of running water as river valleys
in the Mariner 4 photography is quite irrelevant to the question of the exist-
ence of bodies of water in early Martian history. These conclusions on ages
are independent of estimates of the ages of lunar maria. Some weak evidence

exists for a correlation between high crater density and dark areas on Mars.
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RESUME

Un catalogue de prés de 300 crateres et objets en forme de cratere
a été préparé a partir de plusieurs jeux de copies diapositives de tres
bonne qualité et a contrastes‘accentués, de la photographie originale
prise par Mariner 4. Les crateéres furent identifiés et comptés en em-
ployant les mémes méthodes que celles utilisées dans la préparation des
catalogues des crateres lunaires; une attention particuliére a été accor-
dée a la classe et a la qualité des crateres. Le dénombrement des cra-
téres de diametre D < 20 km commence a montrer les évidences d'un carac-
tere incomplet. L'observation directe des photographies ainsi que le
fait que la répartition en classes des cratéres ne varie pas avec l'in-
tervalle de diameétre considéré, pour des diametres supérieurs a 20 km,
indiquent que tous les cratéres a part les plus grands ont été soumis a
une drosion et a une destruction importantes au cours de 1l'histoire de
Mars. Les époques de formation et d'érosion des cratéres sont étroite-

ment relides dans le temps.

" En remplagant la distribution observée des cratéres en fonction de
leur diameétre par une courbe continue obtenue par méthode statistique et
en supposant une densité différentielle du nombre des cratéres, de la
forme AD™D, on obtient B = 2,5 ¥ 0,2 pour D > 20 km, ou B = 3,0 0,2
pour D > 30 km. On suppose ensuite que la population des projectiles
considérés comme responsables de la formation des cratéres, est telle
que 1a densité différentielle du nombre des projectiles varie comme X-B
en fonction du diamétre X du projectile. Le nombre des cometes "actives"
et d'objets du type "Apollo" qui traversent l'orbite de Mars, est trop
faible par plus de deux ordres de grandeur pour pouvoir rendre compte
de la densité du nombre des crateres observés sur Mars. Dans le cas
d'objets du type astéreide pour lesquels B8 = 2 ou 3, les densités cal~
culdes et observées ne sont en bon accord que si 1l'on suppose une époque
initiale caractérisée par un treés fort taux de formation des crateres

sur Mars. Pour 8 = 4 ou 5, l'accord entre les densités observées et
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i,

calculédes peut etre assuré moyennant un taux de bombardement astéroidal
presque uniforme. L'absence de bombardement de saturation pour les plus
grands crateres semble indiquer une valeur de B supérieqre a 3 de fagon
appréciable. Cette hypothése n'est pas en contradiction avec les esti-
mations faites pour les asteérofdes de diametre supérieur a 1 km dans la
partie inférieure de la ceinture asteroidale. Dans ce cas le diametre
du cratére varie avec l'énergie cinétique W du projectile comme Wl/s.
Pour toutes valeurs raisonnables de B, les dommages a 1'impact
contribuent a 1'érosion et a la destruction du cratere. La proportion
de surface couverte par les crateres est de l'ordre unité. Pour toutes
valeurs raisonnables de B, le bombardement astéroidal est capable de
rendre compte quantitativement des valeurs observées pour A, aussi bien
que pour B, surtout si la zone de destruction autour des crateres est
plus grande dans le cas de Mars que dans le cas des crateres lunaires.
Pour des bombardements proches de la saturation, les observations ob-
tenues sont d'une utilité tres réduite pour déterminer la valeur de B
ou pour distinguer entre lé bombardement de saturation et d'autres sour-
ces d'érosion telles que la poussiere d'impact soufflée par le vent ou
d'origine micrométéoritique, l'eau ligquide en grande quantité ou a 1'é-
chelle microscopique, la formation de montagnes et les écoulements de
lave. La couche de poussiere produite par impact au cours de 1l'histoire
de Mars a été estimée d'une profondeur de 0,1 a plusieurs kilometres.
Les calculs ont montré que le plus grand cratere détruit en 4,5 x 109
années a un diametre entre 60 et 180 km; pour la durée de survie a 1'é-
rosion, que 1l'on suppose de la forme Da, a0 a été trouvé voisin de zéro

pour B = 2 ou 3, et 1 <a £ 2,5 pour B = 4 ou 5.

Pour B < 3, les ages moyens des crateres sur Mars ont été trouvés
approximativement égaux a l'ége‘de la planéte. Toutefois, pour B > 3
de maniere appréciable, des crateres différents auront des Ages moyens
différents, allant d'environ 2,25 x 109 années pour les plus grands
jusqu'a quelques dizaines de millions d'années ou moins pour les cra-
teres de diametre inférieur & 20 km. Auquel cas il est possible que des

reliefs de surface de 1l'ordre de 10 km de largeur ou moins aient pu etre
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tres marqués au début de 1l'histoire de Mars sans que 1l'on puisse les
déceler sur les photographies de Mariner 4. Ainsi, 1'absence de signes
indiquant la présence d'eau courante tels que des vallées de fleuve,

sur la photographie de Mariner 4 ne fournit aucune information quant a

~ la présence de nappes d'eau au début de l'histoire de Mars. Ces conclu-
sions concernant les Ages sont indépendantes des Ages estimés des mers
lunaires. Il existe une faible indication d'une corrélation entre les

[N . -
zones a forte densiteé de crateres et les zones sombres de Mars.



KOHCIIEKT

Katanor npumepno 300 KpaTepOB U HONOOHHX KpaTepy IDEIMeTOB
6HJI DPUTOTOBIIEH KCXONA U3 HECKOJbKVUX CepUil CUNbHO KOHTPACTHHX,
BHCOKOKAUCCTBEHHNX IMO3UTUBHHX TPAHCIADAHTOB HOTOCHUMKOB CHOEJIaH-
Hux Mapunepom 4. Kparepn OHAN OTOXIECTBIEHH U COCUUTAHH IyTeM
TaKUX Xe MEeTOIOB KaK U Te, KOTOpPHe YIOTPeOIfANuUCE HJfd COCTaBle-
HUS KaTajloTOB JIYHHHX KpaTepOB; OCOOeHHOe BHUMAHHNE OHJIO yIeJleHO
Kjiaccy U KaueCTBY KpaTepoB. llofcueT KpaTepoB ¢ muameTrpom D <20
KM HAUMHAEeT yKaswnBaTh Ha 3PHeKTH He3aKOHUeHHOCTU. [IpAMOe m3yue-—
nve POTOCHUMKOB & TaKXe U IMOCTOAHCTBA IPONOPLUN Kjacca KPaTepoB
B UHTepBajle NUAMETPOB KpaTepoB Gonbme 20 KM yKa3HBAET HA TO UTO
CYINeCTBEHHAS 3pO3UA U CTJaXUBaHUE BCEX KpaTepoB, 34 UCKJINUEHUEM
HauGOoNbUUX, VWMENo MecTo B mcTopuu Mapca. 9noxmu o6pasoBaHuUa Kpa-
TEPOB U UX 3PO3YUU KAXYTCH TECHO CBABAHHHMI BO BPEMEHU.

[IporpaMma CTATUCTUUECKOTO BHUSPUWBAHUA IMIUPMUECKUX KPUBHX
OIS HaONwIaeMhX COOTHOWEHWZ IumamMeTpa-uYacTOTH KpaTepoB # pudpe-
PeHLUaJIbHOTO UUCia MO0 3aKOHY paclpeleileHUs IIJIIOTHOCTHU AD—B naeT
B=2,5+0,2 gna D >20 km wiu B=3,020,2 nna p >30 xkm. Hacene-
HIe YIapUBIUXCHA NPEeIMeTOB, CUWTARNUXCH NPUUUHON 3TUX KPaTepoB
GepeTca Kax uMmewnunee nudpdepeHUVaNIbHOE UMCIO IJIOTHOCTW, UIMEHFW-
meecHd Kak x~B roe X ABIAeTCH NUAMETPOM YyIapUBIEro NpeIMeT&.
Uncno ,xuBHX" KOMeT ¥ ANOJNJIO NpemMeTOB, IIepeceKawlux OpOuTy
Mapca, sBIAeTCA HEeNOCTATOUHHM Ha 0OJiee UeM OBa IOPANKE BeJNUYMHH
I7IE TOTO 4TOOH OOBACHUTEL HAGINIREMOE UUCIO IJIOTHOCTU KPATEDPOB
Ha Mapce. [na acTepoumalbHHX NPEeIMEeTOB ¢ B =2 unu 3, OpencKa—
3aHHHe U HaOHIaeMHe UYUCJa NJIOTHOCTH He MOTYT OHTBE COTJI&COBaHH
6e3 NPENIONOXEHUs O paHHell 3MoXe OUEeHDb BHCOKOW MHTEHCUBHOCTU
006pa30BAHYA KPaTEepPOB HA Mapce. Ina B =4 wuwnz 5, cornmacoBaHue
MEeXIy TNPenCKA3aHHHMNI ¥ HAOJNHOIaeMHMU UYUCJIaMU [JIOTHOCTU MOXeT OHTH
ofecneueHo C TOUTU PABHOMEPHOW WHTEHCUBHOCTLI aCTEPOUNAIBHOMR
GomGapnupoBKu. OTCyYCTBUe HaCHUNeHHOW 6GomGaprnupoBku Mapca IJjsg OueHb
CONBUWUX KPaTepoOB YKal3HBaeT Ha BeNUUVHY B 3HAUUTENBHO OOJNBUYKH 3.
OTO He ABIAETCS HECOBMECTUMHM C OXUISHUAMU acTepouIoB ¢ X > 71 KM

BO BH;}TTpeHHeﬁ YaCTl acCTepONO3JIPHOTO II0AcCa. B sToum cilyuae IUaMeETD

.
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KPaTepoB COUBMEPUM C KUHETUUECKOW dHepruei#l W, yOapAWLUXCH Opell-
1
METOB, Kak W ' 3.

Ilnmg BceX MpUeMIUMHX BeNUUUH B, pas3pylleHUe BH3BAHOE yNapou
Crnoco6CTBYeT BpO3UM 7 cTriaaxuBaHuw. YacTh HNOBEPXHOCTH, TIOKDPHTON
KpaTepamu, ABIAETCH BEeJUUMHON NHOPANKa enuHUIH. LIA BCcexX NpueMin-—
MEX BenuuuH B , acTepounmanbHasg OCoMOapOMPOBKa MOXeT HATh KOInue-
CTBEHHHEe IaHHHe O HaOJIWIaeMHX BeauuuHax ofomx A m B, B ocobeH-
HOCTU €eCJIM B0HAa CTIaXVBAHUSA BOKDPYT KpaTepos Mapca asusgeTca O0Nlb-
wel, yeM BOKDPYT JIYHHHX KpaTepoB. [afA MNOUTU-HACHIECTBEHHON OOM-
0apOVpPOBKN, CyLeCTByOmue HaOGNWIEHUS ABIAKNTCA OUEHb MAaJO CIOcO6-—
CTBYONUMU OTpEeNelleHU0 BeJUUMHN B, WIM Da3IWuli0 MeXOy HaCHIeHHOM
6oMOapIVPOBKON ¥ TAKOBHMU APYTUMM MEXAHU3IMaMU 3DO3UM KK BHBET-—
PeHHad I b OT yIapa UJIN MUKDOMETEOPUTHOTO MNPOMCXOXIEHUM; XUIKas
BOIA Ha WNUPOKUX WM MUKPONKAaNAX; CTPOEHUE TOp; ¥ 3aTOIJIeHUue Ja-
Boit. Ilnyb, Tpow3BeleHHaAd ynapamu B TeueHue ucrtopum Mapca oueHeHa
kak uMewmas Tayoury mexny O,1 ¥ HECKONbBKUMU KUIOMeTpaMmK. JuameTp
HaumbONbLEeTr0 KpaTepa CriaxeHHOTOo 3a 4,5 X 109 j1eT, COTIaCHO BHUYU-
crneHuAM, ABageTcd mMexny 60 m 180 KM; 079 TPONOIXUTENBHOCTU XKUIHU
MpOTHUB dpos3uu, B3ATOoR xak D %, M BHcuuTHBaeMa ~ 0 mua B =2 wnn
3, 1 1€a<2,5 ona =4 unu 5.

Iina B < 3 cpenuuii BO3pacT KpaTepos Ha Mapce Onn HalinmeH Ipu-—
ONU3UTENbHO PAaBHHM BO3pAacTy IMJlaHeTH. HecmoTpda Ha 3TO, nOnaA B 3Ha-
YUTEeJbHO GOonbme#l uem 3, UHHE KpaTep OYLYT MMETH WHHE BO3DACTH,
HAUUTHBAKIVE OT MNPUOIUIUTENBHO 2,25 X 109 NeT NS CaMHX HauGONIb—
IUX KPATEPOB U ONajanmie K HEeCKONBKUM MUJUIMOHAM JieT WIM MeHble
05 KpaTepoB MeHblle ueM B 20 KM. B 3ToM ciayuae OCOOEHHOCTHU IIO—
BepxHocTHU mnopanka 10 KM WMUPUHH WJIX MeHbIle MOTYT OHTH INOBOJIBHO
BHIOENANMUMUCH B paHHell uctopuum Mapca m He ofHapyxuBaeMmHMu Ha Ho-
TocHuUMKax Mapuuepa 4. lTak, OTCYCTBUe TaKUX 3HAKOB Tekyme# Bomu
KaK peuHse nonuHi Ha doTocHuMKax MapuHepa 4 #ABIgeTcA COBEPUEHHO
He OTHOCAWUMCH K IeJIy B BOIPOCEe O CYWLEeCTBOBAHUM BOIOAHHX TeJl B
panHe#l umcropuum Mapca. 3Ty 3aKINUEHUS O BO3pacTax HABIAKNTCH He3a-
BUCUMHMU OT OILI€HOK BO3PACTOB JIyHHHX MOope#l. CymecTByeT HEKOTODOe
_ cnab6oe OCHOBaHUE OJis KOPPENALUM MeXIy BHCOKON IJIIOTHOCTBK KpaTe-
POB ¥ TeMHHMUM o6jacTamu Ha Mapce.
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AN ANALYSIS OF THE MARINER 4 PHOTOGRAPHY OF MARS

Clark R. Chapman, James B. Pollack, and Carl Sagan

1. INTRODUCTION

On July 15, 1965 (UT), the United States spacecraft Mariner 4 obtained,
from a distance ~ 15,000 km, a sequence of 22 photographs of the surface
of Mars. A preliminary discussion of the first 15 frames (frames 16 to 22
lacked usable contrast) was made by the experimenters (Leighton, Murray,
Sharp, Allen, and Sloan, 1965) with particular emphasis laid on the statis-
tics of the craters discovered in this pioneering mission. Their report was
criticized and further discussed by others in a series of short reports
(Anders and Arnold, 1965; Baldwin, 1965; Witting, Narin, and Stone, 1965;
Opik, 1965, 1966; Binder, 1966; Hartmann, 1966). We present here a new
reduction of the photographic data with applications to the origin, age, and

history of the craters.

This work was supported in part by Grant NGR 09-015-023 from the National
Aeronautics and Space Administration.
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2. A NEW REDUCTION OF THE CRATERING STATISTICS

Three basic sources were employed for the Mariner 4 photography:
1) several sets of 8. 5- X 11-inch glossy prints of the digital-to-analog con-
version kindly provided by the experimenters and the Jet Propulsion Labora-
tory; 2) a set of high-quality 3. 5- X 3. 5-inch positive transparencies of the
same bit conversion prepared at the Jet Propulsion Laboratory and provided
through the kindness of Dr. James Edson; and 3) a set of high-contrast posi-
tive transparencies prepared photographically by Mr. Charles Hanson of the

Smithsonian Astrophysical Observatory from set 2 .

These sources were then used to compile a crater catalog. The prepara-
tion of such a catalog is a nontrivial task. The recent history of lunar
crater studies provides several examples of incomplete or inexact crater
counts leading to erroneous conclusions. In the case of the Mariner photo-
graphs, the difficulties are augmented by the poorer photographic quality,
the generally small solar zenith angles, and problems in the connection of
the photometric response of the video system for adjacent frames. One of
us (CRC) has had experience in measuring and classifying lunar craters
(Arthur, Agnieray, Horvath, Wood, and Chabman, 1963, 1964) and is
primarily responsible for compiling the catalog of Martian craters (and
possible craters) presented as Appendices A and B. The other two authors
have checked these identifications. There is always the danger in such a
catalog that spurious craters may be listed, but a catalog that includes only
the entirely unambiguous features can be very misrepresentative — especially
in the present case of small solar zenith angles, relatively poor contrast
discrimination, and heavily eroded craters. Thus, while we have included
a feature only when there appears to be good indication from several lines of
evidence that it is indeed a crater (such criteria as circularity and ‘
appropriate illumination were weighted heavily), there may be several objects
listed that are not true craters. The column of the catalog headed "quality"

distinguishes unambiguous from ambiguous craters. For all of the analyses



based on this catalog, the doubtful objects will be ignored, Although the best
frames have a ground resolution of under 4 km, there are relatively few
entries in the catalog with diameters < 10 km, owing to the poor quality and
poor visibility of the smaller craters. However, close inspection of the

best transparencies gives the distinct impression of many small craters
slightly larger than the limiting resolution (a few scan lines across).
Representative diagrams, showing the approximate positions and qualities of
craters in selected frames, are displayed in Figures 1, 3, and 5. The cor-
responding photographs are duplicated in Figures 2, 4, and 6. Many of the
craters are visible only on the original transparencies and prints, and not

in halftone reproductions. Therefore, we have not reproduced the entire

set of Mariner 4 photographs here. The experimenters have called the

usable frames '""Pictures, ' and have numbered them sequentially.

Table 1 summarizes the relevant parameters for each usable frame.
The ph'otographic—quality entry is a subjective measure of the clarity of a
given picture, assuming that the region of the Martian surface in question has
a well-defined intrinsic contrast. Among possible reasons for a variation
in quality from frame to frame are the solar-illumination angle, the photomet-
ric-function program of the video system, surface erosion, and overlying
clouds. A. Dollfus (1965, private communication) reports obscuration by white
clouds of the region of Pictures 12 to 15 a few days before encounter. The
resolution is displayed in Table 1 as kilometer per line — the surface displacement
corresponding to the video line separation. For pictures of ''very good' quality,
the catalog is probably complete down to craters a few resolution elements
across, at least for the less eroded craters. Considerable loss in complete-
ness — particularly for craters of small diameter — can be expected for pic-
tures where the quality is only "fair.'" Rounded-off estimates of the dimen-
sions and areas of the Martian surface regions viewed in each picture, and

the color filter used, are also displayed in Table 1.



Figure 1. Low-quality reproduction of Picture 4 of the Mariner 4
photographic sequence.
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Figure 5. Low-quality reproduction of Picture 11 of the Mariner 4
photographic sequence.
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Figure 6. Sketch of the position of cataloged craters (Appendices

A and B), Picture 11 of the Mariner 4 photographic

sequence.
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The catalog in Appendices A and B presents all clear craters, and many
additional ambiguous crater-like objects, on Pictures 2 through 15. Because
Pictures 2 through 6 are of generally poorer quality (cf. Table 1), craters in
those pictures have been separately listed in Appendix A. Craters in Pictures
7 through 15 ar:e listed in Appendix B. The i'elirabilitryﬂ of crater identification
is much higher for Appendix B than for Appendix A. A sequence number, 1
to 298, is assigned to each entry. After iteration in compiling the catalog,

a few entries have been dropped upon closer scrutiny; as a resulf, some
sequence numbers (e.g., 124) do not correspond to probable crateré. When
a crater appears in the overlap region of two adjacent frames, separate
values are listed under the same sequence number; in later data reduction
such craters are counted only once. The approximate po_,s»ition»s of craters

in the catalog are distances in centimeters from the south and west edges of
the 8.5~ X 11-inch prints distributed by NASA, and are intended for orientation
of the reader interested in comparing his prints with the catalog. Crater
diameters displayed wéi'e measured in the unforeshorteﬁed direction and

are uncertain to a few kilometers.

There are uncertainties in the reliability of identification of features
from frame to frame, and within a given frame. A qualitative measure of

this reliability is a parameter we call crater quality, to be distinguished

from the picture quality of Table 1. Factors affecting crater quality include
picture quality, solar zenith angle, crater diameter, and crater class

(see below). Quality A objects are definitely craters. Quality B objects

are definitely Martian surface features, and are probably craters. Quality

C objects may be craters. Some more-or-less circular features were

omitted because of positive identification as photographic defects, or because
the lighting was not that expected for a crater with the known solar illumination.
Because of the relative clarity of lunar photography, it is not customary to

introduce a crater-quality parameter in lunar studies.
To be distinguished from crater quality is a parameter called crater

class, which is customarily employed in lunar studies. The classifications

1 through 4 are an index of crater morphology. For Martian craters we find
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(as for lunar and terrestrial craters) a continuous spectrum of crater forms,
varying from fresh, sharp, circular, deep craters with concave floors and
raised rims (Class 1) to features so severely deformed or eroded as to be
barely recognizable as craters (Class 4). If large-scale Martian craters

are produced by hypervelocity impact of asteroidal and cometary debris,

then they must have all begun as Class 1 craters, subsequently undergoing
processes of deformation and erosion leading to craters of higher class.
Similar classification schemes are widely used in lunar studies (Young, 1940;
Baldwin, 1963; Arthur et al , 1963, 1964; Arthur, Agnieray, Horvath, Wood,
and Weller 1965; Arthur, Pellicari and Wood, 1966; Hartmann, 1965), and

have proved useful despite the differences among classification schemes.

The four classes employed in the present study are defined as follows:

Class 1: These fresh, uneroded craters are characterized by a
prominent raised circular rim, a concave floor, and no appreciable soften-

ing or overlapping by other craters.

Class 2: These craters are somewhat less perfect and prominent than
those of Class 1. They have complete, relatively high walls, although some
degree of softening and slumping may be evident. The central portions of
the floor may be flattened, although much of the interior of the crater remains

bowl-shaped. There may be some overlapping by small craters.

Class 3: These craters have flat floors. The walls are considerably
lower in proportion to the crater diameter than for Classes 1 and 2, but
they are still quite apparent and more or less complete. The crater may
show some departure from circularity and may be overlapped. Its

features may appear somewhat softened.

Class 4: These craters have very low walls, often with large portions
barely distinguishable or missing. The floors are entirely flat. The crater
may show considerable departures from circularity and is very battered

and eroded, marked by much softening of detail, filling, and overlapping.

13



This classification is comparable to t’hat‘ of Arthur et al . (1963, 1964,
1965, 1966), with the exception that Class 5 is here omitted. This class
includes craters so severely destroyed as to be marginally visible, even
on the best lunar photographs taken at large solar zenith angles. Similar
Martian craters — in the few instances that they are detectable — are included
as Class 4 objects in the present catalog. With this exception the present
classification should be quite comparable with that of Arthur et al.

In classifying Martian craters, comparison was made with lunar craters on
photographs with similar solar zenith angles. The same standards, based
on the distribution of brightness over the crater, were used to determine
Martian crater characteristics as are routinely used in lunar studies. One
of the principal applications of the catalog, presented below, is an analysis
of erosion on the Martian surface. To treat this problem conservatively,
craters were generally given the lowest classification consistent with their
appearances — i.e., the effect of solar illumination was slightly over-

compensated for.

The classification scheme presented here should be largely independent

of such factors as crater diameter and solar zenith angle; the vast majority
of classifications fall on a relative scale that should be duplicated by any
independent classifier attempting to follow the class definitions above.
In making the absolute classifications, we have assumed that the prevailing
Martian terrain is not very rugged, consistent with the low general slopes
deduced from radar Doppler spectroscopy (Sagan, Pollack, and Goldstein,
1967). Some craters were not classified on the early frames because of

difficulties introduced by the high altitude of the sun.

After completion of the catalog and analysis of the present paper, a
preliminary announcement was made of the production of electronically
dodged, contrast-enhanced Mariner 4 frames, prepared by the experimenter
team (Leighton, 1967). The total number of fairly unambiguous craters
detected on the new frames is about 300, very close to the number of craters

reported in the catalog of the present paper. For this reason, and for

14



reasons discussed above and below, we believe that the analysis of the
present paper does not require significant modification because of the new

photographic reduction.
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3. CRATER EROSION AND OBLITERATION

We assume that the large detectable Martian craters are of impact origin,

as is generally believed to be true for lunar craters of comparable size.

An inspection of the crater catalog (Appendices A and B) reveals that a

significant fraction of the craters belongs to Classes 3 and 4. For example,

of the 53 Quality-A and -B craters on Pictures 7 through 14 with diameters

larger than 20 km, 87% are members of Class 3 or 4. Since all impact
craters would initially belong to Class 1, we conclude that many craters have
been significantly modified or eroded since their time of formatioh; they
have been largely filled in and in some cases their ramparts have been’
breached.

It is natural to ask at this point whether some craters have been so
severely damaged as to be indetectable on the Mariner 4 photographs. An
inspection of Crater 217 of Picture 11 suggests that some of the smaller
craters would be almost completely obliterated. If a crater 150 km in diam-
eter can be significantly eroded (among other criteria, its western ramparts
are entirely missing), then smaller craters of a similar or greater age may
be entirely expunged. In the following discussion we will distinguish between

erosion and obliteration, defined as above.

To explore this matter in greater detail, we have determined the fraction
of craters in each class for several diameter intervals. The data are pre-
sented in Table 2. Below about 20 km, incomple‘teness sets in for the
later classes, a point to which we will return shortly. We see that for the
diameter interval above 20 km, the class percentages are remarkably
similar. This suggests a common erosion history for craters of diameter
larger than 20 km, and permits us to use the extensive erosion of the larger

craters to infer obliteration of the smaller craters.
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Table 2. Crater percentages by class at several diameter
intervals for Mars and the Moon

Region Class Diameter interval (km)
' 5-10 10-15 15-20 20-30 30-60 >60
Mars, 1 38 11 14 4 4 0
ict 7-14,

gt;ﬁtr; SA and 2 58 26 24 9 8 14

B 3 43 29 46 34 43

4 2 20 33 41 54 43

Lunar 1 18 17 14 7 1 4
Highlands

(selected pure 2 25 23 26 : 27 19 12

continental 3 44 35 24 24 25 32

regions) 4 13 25 36 42 55 52

The near constancy of class membership for different diameter intervals
above 20 km can be used to establish a lower bound on the size at which
obliteration begins. Let ti(D) represent the lifetime of a crater of diameter
D and class i. If the erosion processes have time-invariant rates, the ratio
of the time spent as a crater of class i to that spent as a crater of class j,
ti(D)/tJ.(D), will equal the observed ratig of membership in the two classes,
which may be found from Table 2. If D" represents the maximum diameter
of craters that suffer obliteration, then Z;L= 1 ti(D*) will equal the timi scale
during which erosion occurs. For craters with diameters exceeding D, there
will be relatively fewer belonging to Class 4, and the fraction of Class 4 objects

will be given by
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i=1 o=l
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240"

i=1

(D) =

4

4 3
for z ti(D"‘) = E t.(D) ;
i=1 i=1

£,(D) = 0

4 3

forz ti(D*),<Z.ti(D) . (1)

i=1 i=1
Similar results will apply even when the erosion rates are time variable.

“We now express equatlon (1) in a more useful form. Suppose t;(D)
scales as D for D<D . Table 2 implies that t, (D)/t (D) is independent of
D forD< D , and so all t, (D) will scale as D® for D < D Furthermore,
whenever f (D) > 0 such a scaling will be preserved for Classes 1 through 3.

Thus equatlon (1) becomes

3 l/a

2 5P :

b i=1
D" =D — : (2)

[1 - £,m1) 5% |
i=1

19



The ratio of the surmmations over t, (D ) as well as f4(D) can be obtained
from Table 2; D can then be obtained from equation (2) for a given choice of
D anda. Since the class membership for craters larger than 60 km was
based on only seven craters, the uncertainty in f4(D) may be (as much as) a
factor of 2. Any deviation from constancy for class proportions is expected
only for the largest craters, because the statistics are good except for
D > 60 km. Taking D = 90 km, an average value for the range D > 60 km, and
f (D) as one half the value relevant for the smaller craters, we obtain a lower

e

11m1t on D , D in’ i.e., D:nin is the smallest possible diameter of a crater so

large that obliteration is becoming ineffective. The resulting values of D;nin
are given in Table 3 for various choices of a. We show in Sections 4 and 6
that the values of a given in Table 3 cover the plausible range.

Just as Dd' measures the largest diameter at which obliteration is effec-
tive and at which the percentage of Class 4 craters equals the equilibrium
value, _I_)3 measures the diameter at which class j ceases to contain
the equilibrium number and has fewer members. The relevant equa-
tion for Dg is given by setting the total erosional time, Zil ti(D*)’ equai to the
time for an early crater of diameter D’ to just cease being a class j object,
Z‘rl 1 (D'}. The results are shown in Table 3 for Classes 2 and 3, where
D;nin was used to estimate D . Equilibrium values for these classes, as
well as for Class 1, will therefore hold for diameters comparable to or

larger than the ones listed in the crater catalog.

Table 3. Minimum diameters for obliteration and equilibrium
class membership ’

ate

a D . D, . D! .
min 3 min 2 min
(km)
2 75 103 200
1 62 117 477
1/2 43 152 2,540
1/4 21 263 73,000
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The value of Djnin for a = 1/4 is actually too small, since this would lead
to £4(D) = 0.25 for the diameter interval 30 to 60 km. Such a value is in con-
tradiction to the data for this interval in Table 2, which are based on 24
craters. Furthermore, with the exception of the case a = 0, all plausible
erosional mechanisms can be expected to have a = 0.5. Thus, 43 km will be
a lower limit to D*. In thea = 0 case, discussed below, there of course

need not be any obliteration.

Hartmann (1966), Binder (1966), and 6pik (1966) have claimed that oblit-
eration sets in at about 50 km,40km, and 20 km, respectively. They base
this conclusion on finding fewer craters below these diameter limits than
would be implied by a simple extrapolation of the diameter-frequency relation
for the larger sized craters. Hartmann's and Binder's results actually do not
clearly indicate a deficiency except for craters with diameters below about 20 km.
We believe these deficiencies may have been influenced by observational
incompleteness. While the sharp Class 1 objects can be observed down to
such small diameters as a few kilometers, as limited by the resolution of
the video system and the quality of the picture, the later class craters will
show incompleteness at larger diameters. Table 2 illustrates this point:
Between 5 and 10 km, only 4% of the craters in the catalog are of Class 3 or 4.
There seems to be some incompleteness up to at least 20 km. Since Class 3
and 4 craters constitute a major fraction of the larger craters, their incom-
pleteness at smaller diameters could easily lead to the effect found by
Hartmann, Binder, and épik. Furthermore, we have included less obvious

craters than have these two authors.

[Note added in proof: Leighton, Murray, Sharp, Allen, and Sloan (1967),

from a study of the Mariner 4 vidicon-response function and particularly
from a study of plaster-of-paris models of craters photographed with the
Mariner 4 system, deduce a real discontinuity at about 20 km. However,
their crater models are of well-preserved (Class 1 and 2) craters, not of
the more poorly preserved craters that suffer incompleteness earlier. In

examining the results of Leighton, et al., find that a bend in the
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diameter-frequency curve begins at about 30 km or slightly larger diameters.
We suspect that this difference is due in part to the inclusion by Leighton,
_e_t_z_a,__l_., of the frames of poorer quality. For these reasons and for the
additional reasons mentioned above, we are not persuaded that a 20- or

30-km break is real. ]

The percentages of craters by class also permit us to make a rough
comparison between the times of the last significant erosion and the last
important epoch of crater formation. The existence of many badly damaged
craters implies erosion could not have stopped until close to or after crater
formation ended (or at least greatly slowed down). The presence of some
craters of Classes 1 and 2 shows that erosion could not have continued long
after the last period of bombardment. This conclusion is, of course,
compatible with, although not uniquely indicative of, a uniform rate of crater
formation and erosion, continuing to the present. It is also compatible with

saturation bombardment as the principal crater-erosion mechanism.

In summary, many of the observed craters have been severely eroded;
and, except for one choice of a, complete obliteration of the oldest craters
smaller than 43 km and perhaps of some larger during the history of Mars

is inferred. Crater formation and erosion appear to be closely tied together

in time.
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4. SOURCES OF IMPACT CRATERS

We will attempt to find the most abundant source of impacting objects
and see to what extent it can account for the observed number of Martian

craters.

Kuiper (1959), 6pik (1960), and others have suggested that some of the
large lunar craters, particularly in the maria areas, can be attributed to
cometary impact. Some of these comets are !"dead' short-period comets
consisting only of nuclei that have survived disintegration due to'heating,
outgassing, tidal interaction, etc. An upper limit on the number of such
comets can be found by considering all members of the Apollo group to be
"dead'' comets. Apollo objects are the largest bodies known to cross the
orbit of the Earth. Of the eight observed members, seven have diameters
exceeding 1 km. Opik (1963) points out that, owing to observational incomplete-
ness, the actual number of Apollo members with a diameter in excess of 1
km may be about 40. Opik also estimates from the observaticns that there
may be twice as many ''live" comets crossing the Earth's orbit with diameters
in excess of 1 km. Many of these live comets may be destroyed in pass-
ing through a planetary atmosphere. Thus, an upper limit (and perhaps a
generous one) to the number of Earth-crossing comets with diameters in
excess of 1 km and capable of produ.cing large craters is about 100. A similar
figure will hold for the number of Mars-crossing comets; furthermore this
figure should be fairly constant with time.

A second source of impacting bodies on Mars is Mars-crossing
asteroids that derive from the asteroid belt located between the orbits of
Mars and Jupiter. There are 10 observed Mars-crossing asteroids with
diameters larger than 20 km. The number of asteroids with diameters
between X and X + dX, where X> 20 km, is given approximately by a power

law dependence:
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-2 .
n(X)dX =200 X = dX, X in km,

X > 20 km (3)

(cf. (")pik 1963). For diameters smaller than 20 km, incompleteness sets
in, and it is not necessarily valid to assume that n(X) will continue to scale

as X-z.

In extrapolating n(X) as X"(5 from 20 km to 1 km, the values of 2 and 5
are probably extreme limits to the value of the exponent. Kuiper et al. (1958)
found the exponent P ranging from 2.8 to 4.6 depending on the position of the
asteroid in the asteroid belt for objects with diameters between about 5 km
and 20 km. More recent work, still unpublished, by C. J. and I. van Houten
(G. P. Kuiper, private communication, 1965) suggests a value of 2. 9. Large
incompleteness corrections are involved in this work. The asteroids impact-
ing Mars and causing the craters observed by Mariner 4 will be smaller than
the usual asteroids observed from the Earth, and will arise preferentially
from the inner part of the asteroid belt. Both circumstances should lead to
a higher value for the size-distribution exponent, 3, than applies to the
observed asteroids as a whole: Small asteroids have probably been involved,
on the average, in more collisions than large asteroids and should therefore
be characterized by larger values of . Grinding of quartz in mills for some
hundreds of hours produces a distribution function with B approaching 4
(Gaudin, 1944) and monotonically increasing with time. More proionged
grinding may produce even larger values of B. Hawkins (1960) concludes
that both asteroid and meteoritic observations are consistent with p =~ 4.
In order to understand the short cosmic-ray exposure ages of chondrites,
Arnold (1965; see also Wetherill, 1967) was forced to postulate B approaching
4 for X < 6 ksn. Mars-crossing asteroids that originate from the center of
the asteroid belt have also probably encountered more collisions than asteroids
with present orbital positions near the center of the belt; and, by the same
argument, larger B should prevail for them. Some evidence for such a depend-
ence of B on X and position has, in fact, been presented (Kuiper, Fugita,
Gehrels, Groeneveld, Kent, van Biesbroeck, and van Houten, 1958), but

further work is clearly needed. In any case, we expect that B for our problem
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will be larger than the mean values usually quoted. We will suppose initially

that, between 20 km and 1 km, n{(X) scales somewhere between X_Z and X—S:
n(X) = k, X'B, 5=p =2,
X<20km . (4)

The constant k1 may be found by demanding that equations (3) and (4) agree

at X = 20 km. In this way we find kl to be 8.93 X 102 for B = 2.5 and

3.57 X 105 for Bp = 4.5, for X measured in kilometers. The number of Mars-
crossing asteroids at the present time with diameters in excess of 1 km is found
by integrating n(X) from unity to infinity. The result, N(X > 1 km), is

6.0 X 102 forBp=2.5and 1.0 x 105 for B = 4. 5.

We next attempt to find the number of craters produced by cometary
and asteroidal objects in Tg =4.5 X 109 years, the approximate age of Mars,
and compare this figure with the observed number of craters. We assume
initially that the present distribution of impacting objects is representative of
the entire planetary history, an assumption good for the comets and more

problematical for the asteroids.

The relevant equations for the production of craters by impacting objects
has been given in many places (see, e.g., Baldwin, 1963), and we sum-
marize them here. The crater diameter, D, produced by an object of diam-

eter X, is related to the kinetic energy, W, of the impacting object:

3 1/v |
_ 1/v _ 1 (Tl' X 2
D=k, W —kz[z —f’z—)vt] , (5)
where p is the density of the impacting object and Vt its velocity immediately
before impact. The constant k2 is usually estimated from the size of craters
produced by manmade, particularly nuclear, explosions of known energy,
and equals approximately 8 X 10_2 when D is in kilometers and W in kilotons

of TNT equivalent (4.19 X 1019 ergs) (Shoemaker, Hackman, and Eggleton,
1961); k, depends only slightly on the choice of v.
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The best estimates of v lie between 3 and 3. 6 (Shoemaker et al.,
1961; Baldwin, 1963). The reader is cautioned, however, that these
values of v are based primarily upon terrestrial explosions of much
smaller energies than the ones of interest in the present discussion. Note

that when v = 3, D X,

The value of V is related to V , the relative velocity of the impacting

object and Mars at a large d1stance from the planet and to Vs the escape

velocity, by energy conservation: VZ— V + V For Mars, Ve is 5.1 km sec’

and Ve has an average value of about 10. 5 km sec-1 for the Mars-crossing

asteroids and a similar value for the comets (Opik, 1963). Thus v, is

approximately 11. 5 km secnl. We choose p=7.8¢g c1rn-3 for the asteroids,

a density typical of iron-nickel meteorites, and p = 1/2 g cm—3 for the comets.

We now relate the number of potential impacting bodies to the number of
craters they will produce. The number of impacts per unit time involving
objects with diameters in excess of XC equals the number of such objects

divided by their lifetime against impact, ta

00

J‘ n(x) & dX
ta

X
c

This in turn,will equal the number of craters formed in 4. 5 X 109 years,

o0

f n(D) dD ,

D
c

divided by T 4= 4.5 X 107 years:
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o0 00

dD dx
n,(D) —— Jamm——
£ f T2 ta

X
c c

=Nm>XJ

- (6)

d

Here, DC is the diameter of a crater produced by an impacting object of diam-
eter XC; nf(D) dD is to be distinguished from n(D) dD, which is the frequency
relation for currently observed crater numbers between D and D + dD on the
entire Martian surface; ts is approximately 7.4 X 109 yvears for asteroids

and about half this figure for comets (Opik, 1963).

A statistical curve-fitting program for crater diameter-frequency
relations, derived by Chapman and Haefner (1967) for the Moon, is here
applied to Mars. We use differential rather than cumulative crater fre-
quencies. The number of craters on Mars having diameters within a 1-kin
diameter increment centered on D is expressed as n(D) = AD—B; values of
A and B can then be derived by use of the data in the crater catalog of the
appendices. The parameters A and B vary to some extent with crater diam-
eter, crater class, and quality; but after extensive study, we have found that
generally the crater sample is too small to allow reliable estimates of these
variations. If future photographic missions to Mars (such as the projected
1969 Mariner) can obtain five times better surface coverage with the same or

improved resolution, much more refined statistical analyses will be possible.

The weighting in the curve-fitting procedure allows for the differing
number of points in each diameter increment, which gives greater
weight to smaller diameters where craters are most numerous. Therefore,
it is crucial to determine the maximum diameter at which some observational
incompleteness exists. In general, we believe the crater sample is complete

above 20 km, but we cannot rule out the possibility of some loss of Class 4
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Figure 7. Diameter-frequency plot for Pictures 7 through 14,

Qualities A and B (left);Pictures 7 to 11, Qualities A
and B (center); and Pictures 7 and 11, Qualities A and
B (right). The dots are the original counts; the circles
are these counts grouped by threes; the straight lines
represent increment-weighted least-squares fits. The
incompleteness of the crater counts for D less than

20 km is particularly evident for the left-hand plot.
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craters between 20 and 30 km; hence, we will carry two diameter-frequency

relations as representing the observations (Pictures 7-14, Qualities A and B

only):
A=2.0><106j:1.2><106, B=2.54+0.2 for D > 20 km - (7a)
7 7
A=1.6X10 £1.3x 10, B=3.0+£0.2 for D > 30 km, (7b)

in units where D is measured in kilometers. The errors represent one
standard deviation. In Figure 7 we show the diameter-frequency relationship
for Pictures 7 through 14, Qualities A and B; Pictures 7 through 11, Qualities
A and B: and Pictures 7 and 11, Qualities A and B. The solid lines areA o

weighted least-squares fits.

[Note added in proof: The recent discussion by Leighton et al. (1967) _

implies B =~ 3.2 for D > 30 km, in good agreement with our results.]

The current values, A and B, are to be distinguished from the fiétitioﬁs
values, Af and Bf, for craters formed in the absence of obliter%tion dufe'
to any source, including crater overlap. Note that if nf(D) « D f, and

n(X) o X-ﬁ, then from equations (5) and (6)
B,=1+3(-1) . | (8)

Thus, B = B,. When v =3, B, =§.

f f
Equations (3), (4), (5), and (6) are now employed to compute the number

of craters produced by cometary and by asteroidal impact. The value of Xc

is taken as 1 km for the comets; the values of N(X > XC) have been given
above. There are 53 observed craters of Qualities A and B located on Pictures
7 through 14 (5.6 X 105 ka) with diameters greater than or equal to 20 km,
or about 1. 4 X 104 such craters on all of Mars. By equation (7a), the cor-
responding number of craters larger than D1 can be found from the scaling
law N(D > Dl) OCDi'l' 5 . Alternatively, to be conservative about incomplete-
ness, we note that there are 32 craters with D > 30 km, and we can use

equation (7b), finding N(D > Dl) o DIZ.
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Table 4 compares the currently observed number of craters, N(D > DC),
extrapolated to the entire Martian surface, with the corresponding number
expected from cometary and asteroidal impacts. The observed number is
actually a lower limit to the number produced, since, as we saw earlier,
some craters may have been obliterated. We see that the comets produce
far too few craters; as pointed out above, their present number is probably
a good indication of the number of comets in the past. For = 2.5, the
~asteroidal production of craters can be made to agree with the observed
number of craters by demanding that there were more asteroids in the past
then in the present;e. g., we could require ~ 500 times the present rate of
asteroidal bombardment for the first 5 X 108 years of Martian history. Such
a strategy has been adopted by (")pik (1966), who considers this demand most
likely met by having many planetesimals present when Mars was first formed.
If such planetesimals had inclinations < 10° and semimajor axes similar to
those of Mars, their lifetimes would be short compared to 4.5 X 1()9 years,
and few of them would be left today. The idea of an early local population of
impacting objects in the case of the Moon has been suggested by Kuiper (1954),
by Urey(1962), and by Levin (1963). With Opik's calcﬁ.lations, based on the
less complete initial estimate of crater density made by the Mariner 4 exper-
imenters, there was a factor-of-5 discrepancy between theory and observation
on the assumption of uniform cratering rates. Our more complete counts
show a discrepancy by a factor of about 50. But since we know very little
about the formation of planets, very high initial bombardment rates cannot
be excluded. Similar results hold for B = 2.25, which corresponds to

Bf=2. 5 and v=3.6. These two cases are equivalent to Bf=B.

Table 4. Comparison of predicted and observed numbers of
Martian craters ’

Predicted Observed N(D > D)

Source B8 v DC Xc N(X > XC) Eq. (7a) Eq. (7b)
Comets - 3 12.8km lkm =l.2x10® 2.9x 10%  6.6x10%
Comets - 3.6 5.5 1 =1.2x 10> 9.3x 10 3. 6x 10°
Asteroids 2.5 3 20 0.62 7.5%x 10 1.35x 10% 2.7 x 10*
Asteroids 2.5 3.6 20 1. 55 Lox 10> 1.35x 10 2.7x10%
Asteroids 4.5 3 20 0.62 3.2x 100 1.35x 10%  2.7x 10t
Asteroids 4.5 3.6 20 1. 55 1.3x 107 1.35x 10 2.7 10?
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We see that when B and Bf are greater than B, more craters can be pro-
duced than are observed; Bf > B implies there is obliteration for some of
the craters with D > DC. However for § = 4.5 and v = 3. 6, the number of pro-
duced craters approximately equals the number of observed craters; this case
cannot account for the additional number of obliterated craters. Such holds
generally for all B > 3 cases of interest. For this reason we employ only the
case v = 3 in the calculations for B > 3 below. Thus, if there is other evidence

that B > 3, we can derive the interesting conclusion that v =~ 3,

We now take account of crater obliteration in comparing the numbér of
craters produced by asteroids with the number actually present at some
epoch. Again we assume that the present rate of asteroidal bombardment
is representative of the past. Equation (6) with Dc =20 km’gives the total num-
ber of craters ever produced by asteroids in 4.5 X lOgyears. The number of -
craters produced with diameters greater than D, independent of subsequent

obliteration, is also given by

Af D-(Bf-l)
(Bf - 1) ’

where Bf = f for v = 3, by equation (8). The value of Af is obtainej‘i by demand-

ing that the number of craters given by this expression with D = D", the diam-

eter at which obliteration ceases, equals the observed number of craters with

diameters in excess of D*. | We finally require that the number of craters

larger than 20 km produced by asteroids equal the total number of such craters

~ever produced, independent of subsequent obliteration (as extractable from

the crater counts):

’

-(6-1)

T X +(B-B)
——tg'[(zom(zmﬁ‘z] __ap™

d

C
= (9)
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The quantity in the brackets is kl’ and XC is the value of X corresponding to
D = 20 km (see equation (5) and Table 4). For the observed frequency
relation and a given value of B, we can then solve equation (9) for D'. The

results are given in Table 5.

Table 5. Estimates of D from distribution functions

B = 3.5 4.0 4.5 5.0
N eq. (7a) 20 56 95 131

D (km)
eq. (7b) 12 68 133 181

We see that for 4.0 =P = 5.0 we obtain values of D>:< consistent with
B > B and with the earlier estimates of Dfnin(Table 3). Values of B larger than
5 would seem outside both theoretical and observed slopes. Thus, asteroids
with a bombardment rate similar to the present rate can account for the
Martian craters in a consistent manner. In this approach we require the
absolute values of the distribution-function exponents for the asteroid distri-
bution and for the craters when first produced to be substantially larger
than the observed crater value. We show in Section 6 that for Bf > 3,
a = Bf - 3. Thus, for a uniform bombardment rate, craters are being eroded
by a process for which 1 = a = 2. This value of a is entirely consistent with
known erosional mechanisms, discussed in Section 6. Alternatively, we can
follow the suggestion that the bombardment rate was greater in the past and

‘have the two exponents, B and B, agree or at least be closer in value.
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5. MAJOR TOPOGRAPHICAL FEATURES AS POSSIBLE CRATERS

Several large Martian bright areas, such as Elysium, Eridania, Hellas,
and the Isidis Regio-Neith Regio complex, have a strikingly circular appear-
ance, and it is natural to inquire whether these could be the results of impacts
caused by very large asteroids. This view is consistent with several recent
studies indicating that the bright areas tend to be lowlands (Sagan and Pollack,
1966b; Sagan et al., 1967). The bright areas of the sort mentioned have a
diameter of 1000 km or more and would require an impacting object of diam-
eter approximately 35 km or larger to create them. At present there are
five Mars-crossing asteroids with diameters exceeding 35 km. Since the
mean collision time with Mars is approximately equal to the lifetime of the
planet (Opik, 1963), the present number of Mars-crossing asteroids is cap-
able of explaining such features without the invocation of a higher bombard-
ment rate in the past. This model is consistent with § > 3. On the other hand,
suppose we accept the suggestion of a very high initial bombardment rate with
the exponent § equal to 2.5. Then Table 4 implies that the predicted number of
Martian craters must be raised by at least a factor of 20 over the number pre-
dicted with a uniform bombardment rate; thus, there should be over 100 craters
with diameters exceeding 1000 km. Mars is certainly not saturation bombarded
at such a resolution. If any other erosion mechanism were to remove most
of the 100 craters with D > 1000 km, it would be even more effective for
smaller diameters where we should see no craters at all. Therefore, unless
we wish to invoke histories that were very different for large asteroids than
for small ones, these predictions based on 3 =2.5 seem contrary to observa-
tions; for this reason a more uniform bombardment rate with B substantially
larger than 2.5 seems to be preferred. Were the dark areas lowlands, the
same conclusions would follow, since even fewer very large circular dark

areas exist on Mars.
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6. EROSION MECHANISMS

In this section we discuss various mechanisms by which newly formed
craters can be eroded and obliterated. The damage produced by impacting
objects on nearby craters will be the first such process to be considered; we
will discuss it rather extensively since it is readily susceptible to a quantita-

tive treatment.

When a sufficient number of craters is produced, the probability becomes
large that new craters will form on or near existing craters. If the size of
the new crater is comparable to or larger than the old crater, and if the new
crater is produced within the same area as the old one, it will clearly tend
to obliterate the old crater. If the impacting object falls sufficiently close
to, but not contiguous with, the old crater, it fnay’* still obliterate the old
crater both by filling in the old crater with some of the debris created in the
formation of the new crater and by the damage caused by surface shock waves
generated by the new impact. Finally, when the old crater is far enough away
from the center of the new crater not to be destroyed totally, it may nevertheless
be sufficiently close to the new crater to suffer substantial damage. Similarly,
new craters small in size compared to an old crater will not be able to destroy
the preexisting crater, but they can damage it. Thus, in several ways,
impacts are capable of causing erosion and obliteration of craters. In what
follows we will try to distinguish carefully between obliteration of craters

by subsequent impacts and erosion of craters by a similar mechanism.

We now proceed to examine the extent of the impact damage present for

the two cases discussed earlier: B, = B and Bf > B. In the first case, the

diameter-frequency relation for thefgenerated craters has the same exponent
as the relation for the observed craters, but a large initial bombardment rate
is needed to account for the observed number of craters; the second case
presumes a constant bombardment rate and a larger exponent for the gener-

ated craters,
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In assessing the importance of impact damage, we will compute three
important variables: the crater number density; the slope, B, of the diameter-
frequency relation; and F, the fraction of the total surface area that has been
significantly disturbed by impact damage. Initially, we confine the discussion
to obliteration by impact, and return later to erosion. When F ~ 1, so that
impact obliteration is important, there will be an accompanying modification
in the crater number density and, in some cases, in the value of B, as com-

pared with values expected in the absence of impact obliteration.

We begin by obtaining an expression for F under the assumption that
impact damage is the only important obliteration mechanism. From the pre-
vious discussion, nf(D)dD is the number of craters between D and D +dD that
have been produced over the entire Martian surface within the lifetime of the
planet. Therefore, nf(D)dD/41rRi, represents the number of such craters pro-
duced per unit area, with Rd’ as the radius of Mars; Dznf(D)dD/léRs, is then
the fraction of the area of Mars covered by such craters. Finally, if old
craters within Ne(D/2)of the center of the impact are obliterated by the forma-
tion of a new crater, thene D2 nf(D)dD/16 Ri" will approximately equal the
fraction of the total surface area of Mars that has been significantly disturbed

by impact events that form craters with diameters between D and D + dD.

If we integrate over all craters capable of causing obliteration to a crater

~J
of size D, we obtain

D

e A u -B
Fo—1f f p fp?ap
16 Rd' D
! ’
e A 3-B 3-B
f
— [Du f.p, f]sg, if B, # 3
) R&(3 - Bf) o)
eAf Du
_—Zlogef)——=Q’ B =3 ,
16 Rd‘ £
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where Du is the size of the largest crater actually produced, and D! is the
size of the smallest crater that will by itself be effective in obliterating a

crater of size D. We expect that D

) =g5;we
-1/2

~D. Formally, we write Dl

can anticipate that g = ¢

Equation (10);implicitly neglects the possibility that two craters may
partially share the same area and hence that F will actually be smaller than

Q. The correct formula for FF when Q = 1 is given by
F=1-exp(-Q) . (11)

Note that F = Q when Q << 1, and that F — l as Q — o, as should be the case.
For Q> 1, Q is the mean number of times a given area has been cratered; it

is a measure of the generation number of the observed cratering. We next wish
to estimate ¢, the mean fraction of craters of a given diameter that survive

to the present epoch. Since we know how to calculate the number of craters
that have been produced during the history of the planet, we can readily

derive the present observable crater density and thus estimate both A and B.

If a crater is formed at a time, t, in the past, its probability of oblitera-
tion, P(t), is given by 1 - exp [- Q(t)], where Q(t) is the appropriate value of
Q between time t and the present (t = 0). Thus, the statistical average of
the number of craters formed at time t with diameter D that survive to the
present, ¢(t), is simply exp [- Q(t)]. The statistical fraction of craters of

diameter D, formed at any epoch, that survive until the present epoch, is
0

J' b(t) R(t) dt
_ . T
¢ = J.Q s (12)

f R(t) dt

Ta
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where R(t) is the relative bombardment rate at time t. If we assume R(t)
is independent of D, then Q(t) is given by the following time-integration of

the bombardment rate:

0
f R(t’) dt’
Q(t) = QT z) : (13)
f R(t’) dt’
Ts
0 0 _
If we sety = f R(t’)dt’ andz= -y Q(Ta.)/f R(t’') dt’ , we readily find
t Ta
§= Q(;s,{l - e [- Ty} - (14)

Thus,$ is independent of R(t), as we expect. Also, as Q(Td‘) -+ 0, then
5—— 1; as Q(Té’) — o0, so$ — l/Q(Td.). A result similar to equation (14) has
been obtained by Walker (1967).

In the absence of obliteration, the observed number of craters of

'Bf_. Oblitera-

tion reduces the observed number of craters to an equilibrium number

diameter D would simply equal the number formed, nf(D) = AfD

—Bf

B:EAfD , o (15)

ne(D) = AD
where A and B are the observed values.

When there is a very large number of craters formed, so that Q — oo,
equation (15) reduces to a simpler and explicit dependence on diameter. As
Q-+, ¢ = 1/Q. In equation (10), which determines Q, we set D, = ¢ "1/2

_ ]
If, finally, Du >> D!’ we obtain a simple expression for ¢ = 1/Q, which,
when inserted in equation (15), yields
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léRo,, f3 B,

16 RS D_\ 1! -B

n (D) = — l}oge(ﬁ > ] D 5, B;=3 | (17)
16 R B3,

n (D)= ——"(B;-3)g ' D, B>3 . (18)

In the previous section we suggested that craters larger than 1000 km in
diameter must be expected occasionally. Thus, for the craters of interest

Du >>D  will always be fulfilled. Since craters with D > Rd‘ are not to be

expectec::le, we select Du ~ 3000 km. As equations (16) through (18) indicate,
our results will not be very sensitive to the exact choice of Du’ for the
acceptable range of Bf values. Similarly, we see from equation (14) that Q
need not be very much larger than unity for ¢ = 1/Q to be a good approxima-
tion. Equations (16) through (18) are similar to the ones derived by Marcus

(1967) and by Walker (1967) in lunar context.

We now employ the equations derived above to assess the significance of
impact obliteration. First we consider the case Bf = B, and compute F from
equations (10) and (11). If B = 2.5, we see from equation (10) that when
Dl << Du’ the value of F depends almost entirely on the size of the largest
crater, Du' Accordingly, we set DI =0. We let Af equal the observed
value of A and so find a lower limit to F. When B = 3.0, we proceed in a
similar fashion. Since Q depends only logarithmically on the choice of Dl’

we select DI = 30 km, and consider the results as representative rather than

exact.

In Table 6 are summarized these calculations of F for B:f = B for two
choices of €. In each of these cases there will be some obliteration attrib-
utable to the cratering process itself. But the extent of obliteration depends

sensitively on the degree to which Af exceeds A, and on the value of ¢.

39



Since in all cases the lower limits on F are not very small, some craters
have been obliterated; thus, the lower limit on Af must be somewhat in excess
of A. Accordingly, the lower limits on F for the first four entries of Table 6

must be raised somewhat.

Table 6. Predicted values of F

B, B Ne D F

2.5 2.5 1 - = 0.66
2.5 2.5 2 - = 0. 96
3.0 3.0 1 — = 0.47
3.0 3.0 2 — = 0.92
4.0 2.5 1 20 km 0.38
4.0 2.5 2 20 0.98
4.0 2.5 1 50 0.17
4.0 2.5 2 50 0.78
4.0 2.5 1 D* 0.16
4.0 2.5 2 D* 0. 74
4.5 2.5 1 20 km 0.83
4.5 2.5 2 20 1.00
4.5 2.5 1 50 0. 35
4.5 2.5 2 50 0.99
4.5 2.5 1 D* 0.16
4.5 2.5 2 D* 0. 85
5.0 2.5 1 20 km 1.00
5.0 2.5 2 20 1.00
5.0 2.5 1 50 , 0.70
5.0 2.5 2 50 1.00
5.0 2.5 1 D* 0.16
5.0 2.5 2 D* 0. 94

We next compare predicted with observed slopes and crater densities,
£ = 2.5,

equation (16) shows consistency: the slope of the observed crater distribution

still for the case Bf = B and now for saturation bombardment. For B
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exactly equals that of the craters formed with no obliteration. This is almost
true for By = 3 (equation (17)); there is only a slow logarithmic dependence on
diameter besides the D—3 dependence. This agreement even holds somewhat
short of complete saturation bombardment, since E has little D-dependence

for these choices of B.. It is interesting that when B, = B = 2.5, almost all

f f
the obliteration is due to the very largest craters — craters unlikely to be

detected on the Mariner 4 photographs.

A comparison of the observed and predicted crater densities is readily
made by comparing the observed value of A with the coefficient of D-Bf in
equations (16) and (17). Agreement to within 20% is secured for Bf =2.5
with Ne = 1, and for Bf = 3.0 withNe = 1.25. The predicted values are based
on the assumption of complete saturation bombardment. The minimum values
of F(first four entries, Table 6) indicate that this assumption is reasonable.
If bombardment is actually less than saturation, the predicted values of A are
lowered and a smaller value of Ne is required to secure agreement. However,
Ne = 1 should hold always; e = 1 holds for obliteration only when a crater is
formed on area occupied by a preexisting crater. Thus, the observed crater
densities are very close to the saturation limit for Bf = B.

We next turn to the Bf > 3 cases. The parameter F is obtained as before

from equations (10) and (11); again, we assume Du > Dl . However, in this
case, we can directly estimate F, rather than find a lower limit. Table 5

displays estimates of D*. Thus, Af
number of craters with D > D* equal the observed value. When B

can be obtained by demanding that the

£ > 3, equa-
tion (10) implies that the smallest craters capable of causing obliteration
make the principal contribution to F. Accordingly,/ we set Du = 00 in equation
(10) with little loss of accuracy. For crater formation to be an important
obliteration mechanism, several constraints on F must be met. The values
of D* in Table 5 refer to diameters at which obliteration is just becoming
important; roughly, F (D*) ~ 0.1. Also, F sixould lie close to unity for the
smaller craters. We see from Table 6 that these requirements are met for

appropriate choices of Ne.
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According to equation (18), the predicted slope will be -3 at saturation,
independent of the value of Bf. The predicted slope is then again in good
agreement with the observations. On the other hand, if there is substantially
less than saturation bombardment, the predicted slope will be closer to Bf
and so will disagree with the observations. Such a disagreement would indicate
that impact damage is not the major cause of crater obliteration. To secure
sufficient agreement with observation, we require that Q be large enough that
the effective slope be within 10% of the saturation value for 25 km = D = 50 km.

(The observed slope is heavily influenced by the smaller craters, which are
the most numerous,) This demand implies that FF(D = 50 km) 2 0.75. This,
coupled with our previous requirement that F(D*) ~ 0.1, can be used to test
the results. The restriction that the slope be close to the saturation value
-implies that the nurmber of observed craters should be close to the saturation

limit, -

*
Table 6 exhibits the values of F at D = 20 km, 50 km, and D , and for

various choices of Bf and e. In all these Bf

but essentially identical results obtain for B = 3. 0. We see that for Bf =4.5

and 5.0 the two constraints on F can be satisfied for appropriate choices of

> B cases, B = 2.5 was adopted,

€. For\l’Bf = 4.0 the two constraints cannot simultaneously be satisfied,
since D is only slightly larger than 50 km (cf. Table 5). However, for

such a value of Bf, less variation in Bf is required to obtain the observed
value of B than is the case for larger Bf; and even the Bf = 4 case may not

be incompatible with the data.

We next compare, by equation (18), the observed number of craters with
the number predicted for Bf > B and saturation bombardment. If B =3, we
can directly compare the observed value of A with that predicted from
equation (18). The two results agree when Ne is slightly larger than 2.
(Actually, a somewhat smaller value of Ne is implied, because the predicted
crater density is slightly overestimated.) Since the observed value of A
depends on the curve-fitting decision B = 2.5, we cannot directly compare
the predicted and observed values of A when B = 2,5, Rather, we compare
the observed number of craters between 20 km and D* with the predicted
numbers, by integrating equation (18) between 20 km and D*. Table 7 shows

the results of such a calculation for various values of Bf and Ne. Again
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noting that the predicted values are slight overestimates, we see that the
model can agree with the observations when the radius of the zone of oblitera-
tion, Ne(D/2), is about twice the size of the crater produced by the object
causing the obliteration. For this B_ range, ne(D), is proportional to a power

f
of ¢ between -1.5 and -2.

Table 7. Predicted and qbserved number of craters on Mars,
20km =D = D™, B,>3

f
Bf Ne = 1 '\/E =2 '\/;A= 3 Observed value
4 2.0 X 105 2.5 X% 104, 7.4 X 103 1.1><'104
. , 4
4.5 3.3><105 2.9><104 6.9><103 1.2 x 10
5 4.4 % 105 3.0 X 104 6.1 X% 103 1.3 % 104

We conclude that, for all categories of Bf, impact damage may contri-
bute significantly to crater obliteration, yielding values of FF ~ 1. All
models seem capable of accounting for the observed number of craters as
well as for the exponent of the diameter-frequency relationship. It is quite
noteworthy that the observations are of so little use in distinguishing among
the hypotheses in the case of near-saturation bombardment. Future photo-
graphic missions with better resolution (increasing the usable range in D
before incompleteness sets in)or better areal coverage (decreasingthe probable
errors in A and, especially, B) might permit a useful distinction among the
models. It would also be useful to establish more rigid constraints on the

value of Ne, to better determine the importance of impact damage.

The influence of impact damage on crater erosion can be estimated by
calculating F for erosion from equations (10)and (11). We must employ a
larger value of ¢ than that used for obliteration. Thus, F for erosion will
be larger than F for obliteration. We see from Table 6 that crater impact

should contribute significantly to the erosion of craters when B, = B, and

f

for most circumstances where Bf > B.
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It is relatively easy to visualize the effects of erosion of craters for the
Bf > 3 case. Chapman (1968) has argued that, in a small-scale lunar con-
text, the effect of erosion with large Bf is to soften all old topographical
features on a scale approximating the depths of craters that saturate the
surface (for Ne = 1). That is, the scale of softening approximates DI/lO for
D, such that Q ~ 1. For cases where Ne > 1, the scale of softening is

4
probably about Ne (DI/IO) for D, such that Q ~ 1. Nearly all craters of sizes

JJ
smaller than the appropriate D, will be soft, crater-like depressions with no
sharp features. The percentage of fresh Class 1 craters will be very small,
f's (less than 1% Class 1 for Bf =4.5). ForNe=1,

the scale of softening is only about 0.5 to 3 kmn — probably too small to be

smallest for higher B

noticeable on the Mariner photographs. For Ne ~ 2, we might expect to see
the softening of the older features on a scale of about 1 to 6 km for Bf =4.0
and 5.0, respectively. This is again probably below the resolution of the
Mariner photographs, and the walls of the older craters do not generally
appear substantially softened. It is possible that such a 1arge-Bf saturation-
cratering process could create sufficient dust to give the craters their
characteristic filled-in appearance, provided the created dust was adequately

mobile (see Section 7).

We now summarize the results of Aimpact on crater obliteration and
erosion. In all cases, impacts will cause some obliteration; the question at
issue is whether this is the dominant process. We have found that the
observed crater densities are close to or equal to saturation values for
B, = B = 3; impact obliteration is clearly dominant for this case. However,
the question cannot properly be answered for the Bf > B case, because of
our lack of precise knowledge on the value of Ne for Mars. In this case,
the principal obliterating craters are comparable in diameter to the craters
being obliterated; such circumstances exist on the Moon, where similarly

sized craters overlap one another, both remaining visible. For the Moon,

then, Ne is probably not much above 1.0. If such a value applied to Mars as
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well, a contradiction would exist with the Ne = 2 requirement for Bf >B
(Table 6), and we would conclude that saturation bombardment is not the
dominant obliteration mechanism for Bf > B. However, for all we know,
Martian and lunar soil conditions differ sufficiently to permit Ne = 2 for Mars.
It is also possible that some incompleteness exists in the crater counts even
for D > 20 km, in which case the required Ne would be lowered. In all cases,
impact damage is a contributing factor in crater erosion. The value of the

obliteration parameter, a, may be obtained directly from equations (16) through

(18):

a=B,-B . (19)

Thus for the low Bf values, a == 0, while for the high Bf values, 1 =a= 2.5.
We now briefly mention other possible agents of crater erosion and
obliteration. There is good evidence that dust abounds on Mars and that this
"dust is moved about by winds (see, e. g., Sagan and Pollack, 1967). Since

the present winds can lift up dust, and since aeolian erosion and filling

by dust must be occurring today, we can make no inferences about the possi-
bility of a much larger atmosphere in the past, contrary to a conclusion of
Leighton et al. (1965). Indeed, the limiting factor on the effectiveness of
dust as an erosional agent is the very large quantities of dust needed to fill
a significant pOrfion of most of the observed craters and to fill completely
whatever craters have been obliterated; the average depths of the observed
craters is several kilometers. We show in the next section that an amount
of fractured material approaching this figure has been produced during
cratering. If the dust is very friable, much-of it will eventually have been
converted into particles with sizes < 200 p, as are required for saltation,
suspension, and dispersal by momentum exchange (cf. Sagan and Pollack,

1967). It is also possible that accretion of interplanetary dust may play a
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role. The present accretion rate on the Earth is uncertain, but apparently
lies between 2><10-14 and Z><10_16 gcm-2 sec_l (Parkin and Tilles, 1967). If
this dust is primarily of asteroidal origin, we expect an influx rate ~ 20 times
greater on Mars than on the Earth. For dust of low density, this leads to
thicknesses ranging from a few meters to a fraction of a kilometer. Filling
and aeolian erosion involving dust may be particularly important for erosion
of smaller craters with depths < 1 km. The preponderance on Mars of flat-
floored craters with a filled-in appearance, compared with highly battered
craters with misshapen walls in the lunar highlands, suggests that filling by
dust or lava is likely to be a more important erosive agent on Mars than on

the Moon.

It is difficult to examine these filling processes quantitatively. Never-
theless, a brief consideration of an idealized dust-filling model will demon-
strate the compatibility of filling processes with the observed distribution
of Martian craters by class. Consider the crater profile shown in Figure 8;
it is typical of Class 1 lunar craters with diameters about 30 km. The
horizontal lines show the crater filled to 15%, 35%, 70%, and 95% of its depth.
It is our opinion that these percentages approximately represent the divisions
between the four classes (e. g., craters filled to 15% or less would be classified
as 1, those filled to over 95% would not be recognized as craters at all).

What follows does not depend strongly on the precise percentages chosen.

~ /
gy Va _—
\ V5 /
\

Figure 8. Influence of filling by dust or lava on the class membership of
a crater.
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For a model in which mobile dust (or fluid) is uniformly deposited over
the surface of Mars, craters will collect dust at a rate proportional to D .
But since the crater volume scales as D3 (assuming that the same profile and
depth-diameter ratio holds for all diameters), the crater lifetime will scale
as D (hencea =1). Baldwin's (1963) Figure 20 suggests that for his Class 1
lunar craters, the diameter-depth ratio is not constant but that the depth -
varies as DO' 6. Presumably the fact that larger craters are proportionately
more shallow than smaller ones is due either to the details of the process
of crater formation, or to rapid isostatic adjustment of the larger craters
following their formation. In this case, a = 0.6 for filling such craters with

dust.

In either case, for a crater of a given diameter, the relative lengths of
time the crater spends in each class will equal the relative volumes of the
four slabs shown in Figure 8. Therefore, as discussed in Section 3, the
relative volumes of the four slabs should equal the relative numbers of
craters in each class, for the dust -filling model. The volumes for the
slabs of the crater shown in Figure 8 are presented in Table 8, along with
the observed percentages of Martian craters in each class. The agreement

of the model with the observations is good.

Table 8. Percentages of craters by class

Class Dust-filling model Observation (D>20 km), N=53
4 4
2 12
3 43 40
4 41 ’ 47

Another conceivable mechanism of surface erosion is the laying down
of sediment within the crater through the intermediation of running water or
of occasional flash floods. Water erosion seems to be a major cause of the

obliteration of terrestrial craters. Hartmann (1966) has compiled data on
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craters in the geologically stable Canadian Shield region, and his results imply
that in this area only craters larger than about 50 km are capable of surviving
for several billion years. The Canadian Shield region has probably not been
periodically submerged under water, as, say, the Mississippi Basin has, and
so has been eroded primarily by running water and by glaciers. Hartmann's

data imply a = 2 for these water-dependent terrestrial erosion mechanisms.

The value of D* deduced for the Canadian Shield is quite comparable to
the value deduced here for Mars. Thus, as far as erosion rates are con-
cerned, there is nothing in the Mariner 4 photographs that excludes running
water or glaciers on Mars until quite close to the present epoch. It has been
stated that none of the characteristic geomorphology of running water (e. g.,
the dendritic patterns of river basins) is visible on the Mariner 4 photographs;
but very suggestive signs of some variety of fluid flow do appear, e.g., on
Picture 11. It has also been argued (Sagan, Levinthal, and Lederberg, 1968)
that liquid water may be available on contemporary Mars — generally, in grain
interstices and subsurface microenvironments for a fraction of an hour each
day, and, more rarely, on a much larger scale. Even if liquid water is
present only in such isolated times and places, its contribution to erosion
over several billion years may be very great. In addition to the contribution
of running water, the volume changes of water during freeze-thaw cycling

on Mars can be a very potent erosive agent.

Mountain building on the Earth, on a scale needed to obliterate a crater
100 km across and several kilometers deep, seems to occur on a time scale
similar to the age of the Earth. Thus, the presence of long-lived, large
Martian craters places no severe constraints on such 'mcl)untain-building activ-
ity on Mars. The 0.5% of the Martian surface viewed by Mariner 4 displayed
no obviqus folded mountain chains. On the other hand, the existence of major
elevation differences (Sagan et al., 1967; Sagan and Pollack, 1966b) involving
noncircular regions and the probable presence of ridges resembling terres-
trial tectonic dikes (Sagan and Pollack, 1966a) seem to argue that diastro-

phism may be another cause of erosion on Mars. Unfortunately, we have no
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ready way of examining such possibilities in greater detail at present; it
would be interesting to investigate the extent to which particular erosion

mechanisms lead to distinctive crater morphologies on Mars.

We have seen that several erosion mechanisms lead to 2.0 = a = 0. 6.
For uniform bombardment, we have found independently in Sections 4 and
6 evidence that 2.5 = a = 1; and evidence in Section 5 indicated that fairly

uniform bombardment has in fact occurred.

. In summary of this section, crater overlap and near-saturation bom-
bardment as a mechanism for crater erosion and obliteration are susceptible
to quantitative treatment and seem able to account for much of the damage
sustained by the Martian craters. Erosion due to windblown dust of impact
or of micrometeoritic origin, liquid water on large or microscales, mountain
building, and flooding by lava cannot be excluded within present knowledge
as possible contributing mechanisms to crater erosion during the history of

Mars.
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7. CRATERS AS SOURCES OF DUST

Polarimetric, photometric, and infrared radiometric studies have shown
the Martian surface is covered with dust (cf. Pollack and Sagan, 1967). Radar
observations of the bright areas indicate that the dust extends down to a depth
of at least a meter (Sagan and Pollack, 1965). One abundant source of *
such a large amount of dust is the cratering process; the hypervelocity

impacts responsible for the craters pulverize and eject large amounts of

material,

We now estimate the average depth to which the currently observed
craters have penetrated the Martian surface. As before, A D_BDZ/I() RO,,2
equals the fraction of the surface covered by these craters. The average
depth, <S>, to which the Martian surface has been penetrated by craters

with diameters from D, to Du is then given by:

D
‘ u
<S> = —-—-"i——z- 5 s D B*% 4p
16 R 4 D,
4- 4-
- Azh D2 B _ D, B) ., (20)
16 R x(4 - B)

where we have assumed S = h D; h is approximately 1/20 for the craters of

interest.
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For B < 4, <5> depends mostly on Du' For B= 2.5, and Du chosen
between 100 and 1000 km, <S> ranges between a few hundred meters and
> 1 km. When the obliterated craters are taken into account, <S> will be
somewhat raised. For the larger craters, S = hD applies instantaneously
at impact, but isostatic adjustment may rapidly maké such craters quite
shallow. Thus, the very largest impac,t craters may have the entertaining
property of producing much more ejecta than is required to fill them entirely —
the surplus will fill smaller craters that are not isostatically compensated.
On the other hand, when B > 4, <S> depends mostly on D;, and the largest
craters tend not to play a major role in producing ejecta. But here again,
reasonable choices of D, yield values of <S> between 0.1 km and several kil-
ometers. In either case, ejecta produced by impact could make major con-
tributions to crater erosion. If even a very small fraction of the ejecta so
produced is eventually converted into particles small enough to be moved by
contemporary Martian winds, it will have a large enough volume to cover the
bright areas to a depth of a meter, which is the lower limit placed by the
radar observations. The cratering process is, therefore, a promising

mechanism to account for the large quantities of dust present on Mars.
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8. CRATER AGES

Much of the previous analysis of the Mariner 4 cratering statistics has
been devoted to a determination of the "age' of the Martian surface; i.e.,
the time since the underlying features have been eroded away (Leighton et al.,
1965; Anders and Arnold, 1965; Baldwin, 1965; Witting et al., 1965; 6pik,
1965, 1966; Binder, 1966; Hartmann, 1966). These authors have generally
made a comparison of the crater densities in the Mariner 4 region of Mars
w1th those of the lunar maria. The age of the Martian surface then depends
on an estimate of the relative bombardment rates, and a guess of the age of
the lunar maria. With the maria assumed to be several billion years old, the
Martian surface has been estimated to have ages ranging between 0.8 X lO9

and 4.5 X 109 years. An obvious uncertainty in this procedure is the estimate

of the age of the lunar maria.

Within the context of the models of the present paper, we can obtain
ages directly from the Martian crater counts, and independently of the age
of the lunar maria., Such a procedure ultimately depends on estimates of the
absolute bombardment rate on Mars. Models with < 3 require, as we have
- shown, a great flurry of crater formation in the early history of the planet;
thus, almost all cratered areas would have an age comparable to that of Mars.
For those models with B > 3, a more uniform bombardment rate is implied;
the largeét craters, with D > D*, will again have an age comparable to that
of Mars, but the mean age of such craters will be half the age of Mars. As
Hartmann (1966) has quite properly emphasized, the ages of craters with
D< D will be a function of D. A unique crater age for the Martian surface

is an erroneous concept for p > 3.

For D <D ,» we note that the crater age is given by N (D)/‘r = nf(D)/TO‘

Since ne(D) oD -2 5, by observation (equation 7a), and nf(D) oD 6, by

hypothesis,

B-2.5

(D) = 7(D >D") (D/D") (21)

53



We now use equation (22) to calculate 7(D) for various values of D and . For
a given value of B8, D~ was obtained from Table 5. These calculations are
summarized in Table 9; also shown are the analogous results obtained using

equation (7b).

Table 9. Mean ages of Martian craters (in units of billions of years)

Diameter, D (km)
B 20 40 75 100 500
B, = B 2.5 4.5 4.5 4.5 4.5 4.5
or 3.0
§ 0.46 1.28 2.25 2.25 2,25
B> B 4.5  0.094  0.64 1.32 2.25 2.25
equation (7a) 5.0  0.022 0.13 0. 60 1.24 2.25
0. 66 1.32 2.25 2.25 2,25
B >
£ B 4.5  0.13 0.37 0.95 1.46 2.25
equation (7b) | 5 o 4 928  0.11 0. 39 0. 69 2.25

For the larger craters, the ages are compatible with those derived from
assumptions on the ages of lunar maria. For smaller craters (D=10 - 25 km)
and a uniform bombardment rate (8 > 3), the crater ages are tens to hundreds
of millions of years; and for still smaller craters the ages are even less.
Thus, Martian surface features with dimensions of 10 km or less will, for
B > 3, have ages much less than the age of the solar system. Accordingly,
if substantial aqueous-erosion features — such as river valleys — were pro-
duced during earlier epochs on Mars, we should not exlpect any trace of them
to be visible on the Mariner 4 photographs unless they were of greater extent
than typical comparable features on Earth. Even if § < 3, the same conclu-
sion follows, because the dust produced by all causes during the subsequent
history of the planet should easily be enough to fill such features (cf. Sections
6 and 7). Thus, any conclusion from the Mariner 4 photography that the
apparent absence of clear signs of agqueous erosion excludes running water
during the entire history of Mars, and makes the origin of life on primitive

Mars unlikely, must certainly be regarded as fallacious.

54



9. VARIATION OF CRATER DENSITIES WITH POSITION ON MARS

In Figure 9, an attempt has been made to localize the positions of Pictures
7 through 14 on the Martian surface. The positions of Martian features are
based primarily on a map of the Mariner 4 encounter area drawn by Dr. J.
Focas in July 1965, and kindly made available to us through the courtesy of
Dr. Focas and of the Meudon Planetary Documentation’ Center. However,
since the cbmbined error of the position of the Mariner 4 frames and of the
Martian cartography amounts to at least several degrees in both latitude and
longitude, the figure can indicate general correlations only. Any attempt to
localize rigorously such a feature as a thin Martian '""canal, ' observed from
Earth, on the Mariner 4 photographs, must be doomed to failure.. The dashed
line indicates the probable outer limits to the position of Mare Sirenum and
adjacent dark areas. It is of interest that, within the probable errors of
position, Crater 217, the very large crater of Picture 11, is so oriented that
its western ramparts vanish just at the boundary between Mare Sirenum and
the adjacent semitone area. This is consistent with the hypothesis that the
crater was formed on a slope and was subsequently invaded by dust or lava
from the brighter lowlands. The crater's resemblance to pre-mare craters
on the borders of Mare Humorum is striking; Baldwin (1963, pp. 305-307)
has proposed a similar explanation for these lunar craters. Thus, Crater

217 provides some further evidence that dark areas tend to be highlands on
Mars.

Crater counts as a function of frame number are shown in Figure 10. The
solid dots represent the numbers of all cataloged craters per picture. The
open circles represent the same numbers normalized to 105 km . The
crosses represent the number of craters per picture of Quality A and B and
of diameter D > 20 kmm. Because of the uncertainties of Quality C statistics,
and the incompleteness for D < 20 km, it is only the curve connecting the

crosses that is significant.
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Comparing Figures 9 and 10, we see that the highest crater counts, in

Pictures 9, 10, and 11, correspond to the only three frames lying entirely

or mostly in Mare Sirenum. The adjacent frames of lower crater density —
" Pictures 7 and 8, and 12 and 13 — lie principally in nearby bright or semitone
areas. Thus, a correlation of frames localized in dark areas with frames of
high crater density is apparently indicated. However, the crater density in
Picture 9, lying entirely in a dark area, is close to that of Picture 14, lying
entirely in a bright area. In addition, early Mariner 4 pictures were charac-
terized by high sun, late pictures by a still incompletely understood obscura-
tion. The apparent peak in crater density at Pictures 9 through 11 may,
therefore, be nothing more than the convolution of these two effects. If,
however, the residual correlation of high crater density with dark areas is
real, it indicates a more rapid erosion rate in bright areas than in dark
areas. This would be consistent with windblown and drifting dust as an agent

of erosion and filling, if the bright areas tend to be lowlands.

58



10. RECOMMENDATIONS FOR FUTURE WORK

From the conclusions and uncertainties of the present paper, it is clear
that there is much room for further work in this subject. Laboratory and
field work on the dependence of ¢ on soil type and on the depéndence of incom-
pleteness estimates on crater class is needed. Future space-vehicle mis-
sions could profitably photograph larger areas to obtain data on the largest
craters, to search for relatively uncommon geological features on Mars,
and to improve the cratering statistics with better resolution (to narrow the
error in B — now hovering precipitously around the theoretically significant
value of 3. 0), and with a favorable range of solar zenith angles. A close

flyby would of course be very useful in this regard, but an orbiter is what is

really needed.
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APPENDIX A
CRATER CATALOG FOR MARS FROM MARINER 4 FRAMES 2-6

Crater Position (cm) Diameter
number Frame(s) from south from west (km) Class Quality
1 2 2.8 2.0 35 - C
2 2 6.2 5.2 42 2 B
3 2 3.0 10.9 28 1 A
4 2 1.4 11.8 17 2 A
5 2 2.9 12.2 39 1 A
6 2 4.9 11.0 73 3 C
7 2 5.0 12.7 51 - B
8 2 5.2 13.9 70 - C
9 2 4.9 13.7 21 - C
10 2 12.5 2.0 38 - C
11 2 14.2 4.3 70 - C
12 2 11.2 5.2 87 - C
13 2 10.0 5.6 31 - C
14 2 14,2 6.8 36 - C
15 2 12.9 7.6 94 - B
16 2 15.0 7.8 42 - B
17 2 13.8 10.1 21 B
18 2 10.4 11.3 86 - C
19 2 8.7 11.7 63 - C
20 2 12.6 13.0 18 1 B
21 3,4 3.5,11.6 9.2, 5.9 19,22 - C
22 3,4 1.0, 8.3 11.1, 7.6 10,12 1 C
23 3,4 6.3,14.2 12.7,10.8 54,46 - C,B
24 3 6.9 3.0 155 4 C
25 3 10.5 1.9 46 - B
26 3 11.0 2.8 19 - C
27 3 9.6 3.3 23 - C
28 3 12.5 3.1 17 - C
29 3 11.6 3.5 11 B
30 3 11.8 4.0 10 - C
31 3 11.4 4.1 13 - B
32 3 10.7 4.3 23, 1 A
33 3 9.7 4.1 13 1 A
34 3 9.5 5.5 29 - C
35 3 8.7 6.3 30 - C
36 3 10.7 5.5 16 B
37 3 11.5 5.9 25 - B
38 3 14.7 5.5 100 C
39 3 11.1 9.2 30 A
40 4 1.9 7.8 12 - Cc




APPENDIX A (Cont.)

Crater Position (cm) Diameter
number Frame(s) {from south from west (km) Class Quality
41 4 2.5 10.4 21 - B
42 4 2.7 11.1 40 2 B
43 4 7.4 6.3 226 - C
44 4 5.4 11.0 13 1 A
45 4 5.8 11.2 15 1 B
46 4 12.6 1.3 24 3 C
47 4 13.3 5.4 46 - B
48 4 15.0 6.3 15 - C
49 4 14.8 7.5 32 - B
50 4 12.7 8.0 95 - C
51 4 12.5 9.8 30 2 A
52 4 10.2 11.7 55 - B
53 4 14,2 13.5 14 - C
54 4 11.1 12.8 16 - C
55 4 9.3 14.6 13 - B
56 5 3.1 6.4 14 - B
57 5,6 3.5,12.3 9.9, 2.6 53,55 B,C
58 5,6 4.2,12.8 13.1, 6.0 54,52 - C
59 5,6 4.0,12.8 14.7, 8.2 12,12 - C
60 5 9.6 2.9 18 - C
61 5 10.0 9.8 11 1 B
62 5 9.1 9.9 13 1 A
63 5 8.1 11.0 36 4 C
64 5 9.6 11.1 16 1 A
65 5,6 6.0,14.4 12.3, 4.7 9,8 1 B
66 5,6 6.8,15.4 13.7, 6.5 15,15 2 A
67 5 7.3 13.6 11 2 A
68 5 12,1 13.7 33 - C
69 5 14.8 13.5 21 - C
70 6 2.2 5.5 16 C
71 6 1.4 7.7 11 A
72 6 3.2 8.1 13 - C
73 6 -0.5 11.3 92 - C
74 6 2.3 12.3 ,37 3 B
75 6 10.8 8.3 65 4 A
76 6 8.2 10.5 16 2 A
77 6 14.0 7.6 12 - C
78 6 14.9 8.1 13 - C
79 6 14.1 9.7 9 - C
80 6 11.8 11.0 12 A
81 6 13.0 8.5 8 1 B
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APPENDIX B

CRATER CATALOG FOR MARS FROM MARINER 4 FRAMES 7-15

Crater Position (cm) Diameter
number Frame(s) Ifrom south from west (km) Class Quality
82 7 1.9 0.9 12 3 B
83 7 0.9 2.1 13 3 C
84 7 0.6 2.9 14 3 B
85 7 2.0 4.0 50 4 B
86 7 2.7 4.1 19 2 A
87 7 1.3 6.4 24 3 A
88 7 3.0 6.0 13 3 C
89 7 2.3 6.5 14 2 A
90 1 3.1 6.8 14 4 B
91 7,8 2.1,11.2 10.2, 1.8 32,30 3 A
92 7 2.3 11.5 27 4 C
93 7 4.8 2.4 8 2 C
94 7 5.8 3.2 10 2 A
95 7 3.7 5.9 66 4 B
96 7 5.1 5.2 7 2 B
98 7 6.6 6.4 8 2 B
99 7 6.0 8.0 14 3 B
100 7 6.0 11.4 31 4 A
101 7 6.3 12.7 9 2 B
102 7 12.2 3.0 10 1 A
103 7 11.5 2.8 14 3 B
104 7 10.7 3.3 11 3 C
105 7 9.8 3.4 11 3 B
106 7 9.7 1.4 12 3 B
107 7 9.6 5.1 10 3 B
108 7 8.8 6.6 1 3 B
109 7 10.8 6.4 21 3 A
110 7 9.9 8.9 38 4 A
111 7 13.9 6.9 11 4 A
112 7 11.0 11.1 9 1 A
113 7 9.9 12.0 26 2 A
114 7 10.3 12.8 10 . 2 A
115 7 12.2 10.9 5 2 B
116 7 9.2 13.5 7 2 A
117 7 10.7 14.3 5 2 B
118 7 12.0 15.1 9 2 B
119 7 15.5 9.7 19 1 A
120 7 14,3 11.9 14 4 A




APPENDIX B (Cont.)

Crater Position (cm) Diameter
number Frame(s) from south from west (km) Class Quality

121 7 13.3 12.4 12 2 B
122 7 12.9 13.3 18 3 A
123 7 12.8 14,7 8 2 B
125 7 15.0 2.6 14 2 B
126 7 1.5 2.0 10 1 B
127 8 1.9 2.7 30 4 C
128 8 3.0 10.9 14 3 B
129 8 8.3 6.4 38 3 A
130 8 6.1 8.1 45 3 A
131 8 11.0 7.6 9 1 A
132 8 10.5 8.7 9 2 A
134 8 7.6 12.6 38 4 C
135 8" 5.3 14.0 18 4 B
136 8 13.8 11.6 16 4 A
137 8 11.9 13.3 7 2 A
138 8 11.2 14.0 12 .3 A
139 8 9.6 13.9 7 2 A
140 8 10.2 13.2 32 4 C -
141 8 11.2 10.2 14 3 C
142 8 5.9 8.6 6 2 B
143 8 4.0 6.7 17 4 C
146 9 3.7 0.7 8 2 B
147 9 2.9 1.5 18 3 B
148 9 3.8 4.5 24 4 C
149 9 2.4 4.6 16 3 A
150 9 0.8 6.7 14 3 A
151 9 4.5 7.3 18 1 A
152 9,10 4,7,13.8 10.7, 3.2 12,9 3 B,C
153 9,10 3.4,12.8 10.6, 2.8 5,6 1 B,A
154 9,10 2.6,12.0 9.9, 2.1 11,10 1 A
156 9 5.8 2.4 9 2 B
157 9 7.3 2.5 12 3 B
158 9 9.6 2.1 13 3 A
159 9 7.2 4.5 19 4 A
160 9 7.1 5.5 18 2 A
161 9 9.1 5.4 27 3 A
162 9 10.2 6.2 9 3 C
163 9 9.8 6.6 6 1 A
164 9 8.0 6.1 7 2 B
165 9 6.4 8.0 7 2 B
166 9 8.1 8.0 33 4 A




APPENDIX B (Cont.)

Crater Position (cm) Diameter
number Frame(s) from south from west (km) Class Quality

167 9 8.3 8.4 11 2 A
168 9 7.5 10.5 24 2 A
169 9 7.9 12.2 7 2 B
170 9 8.4 12.6 22 4 B
171 9 16.9 2.9 10 2 A
172 9 12,4 2.6 27 3 A
173 9 12.8 2.8 6 1 A
174 9 11.7 8.2 27 3 A
175 9 11.3 9.9 5 1 B
176 9 15,2 10.3 52 3 A
177 9 12.8 12.3 15 2 A
178 9 5.5 1.0 10 3 B
179 9,10 3.1,12.6 14.0, 6.1 17,25 4 C,B
180 9 4.8 9.5 30 4 C
181 9,10 5.2,14.4 11.5, 3.8 30, 29 4 C,B
182 9 6.8 12.5 13 3 B
184 9 9.4 10.6 6 1 B
185 9 12.1 6.8 6 1 C
186 10 2.3 2.9 9 1 A
187 10 4.5 5.7 33 3 A
188 10 2.5 10.5 34 4 B
189 10 -2.0 8.0 121 3 A
190 10 6.1 3.2 6 1 A
191 10 8.0 3.3 25 4 A
192 10 9.7 4.0 36 4 B
193 10 9.3 5.2 26 4 B
194 10 8.8 6.1 11 2 A
195 10 9.6 7.1 24 4 B
196 10 8.0 8.6 43 4 C
197 10 6.9 8.7 10 2 A
198 10 7.6 11.4 38 3 A
199 10 7.3 12.7 7 1 A
200 10 5.8 16.5 112 3 A
201 10 8.5 14,3 9 2 A
202 10 11.0 8.8 37 4 C
203 10 10.2 10.4 37 4 C
204 10 12.4 9.6 27 3 A
205 10 14.7 6.5 9 1 A
206 10 13.3 11.2 19 4 A
207 10 13.2 12.6 8 4 C
208 10 3.9 10.1 13 3 C
209 10 7.1 4.6 22 3 A
210 10 6.6 4.0 22 3 B
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Crater Position (cm) Diameter
number Frame(s) from south from west (km) Class Quality
211 10 14,1 7.6 21 4 B
212 11 4.1 1.3 7 2 A
213 11 7.0 3.4 31 1 A
214 11 5.6 5.3 16 1 A
215 11 3.4 12.5 24 4 A
216 11 2.0 12.4 19 4 B
217 11 7.4 6.2 149 3 A
218 11 10.0 3.9 33 4 .C
219 11 11.2 4.2 5 1 B
221 11 9.2 11.1 7 1 A
222 11 8.5 11.4 6 2 A
223 11 9.5 12.1 16 3 CA
224 11 12.0 13.8 68 2 A
225 11 13.6 1.1 20 1 A
226 11 14.5 1.7 - 13 3 B
227 11 14. 4 3.2 11 4 A
228 11 13.0 4.9 32 2 A
229 11 12.6 8.2 7 1 A
230 11 13.7 9.8 5 2 C
231 11 13.7 10.7 21 3 B
232 11 13.9 12.1 10 1 A
233 11 -1.2 11.9 64 3 C
234 11 4.1 6.3 17 4 C
235 11 2.5 6.5 32 4 B
236 11 1.9 5.7 18 3 C
237 11 3.9 4.6 39 4 B
238 11 8.0 4.5 15 4 C
239 11 14.9 2.7 12 4 C
240 11 7.1 12.6 22 4 C
241 11 8.7 13.7 24 4 C
242 11 5.2 1.4 6 2 B
243 11 4.6 1.4 5 2 B
244 12 2.7 0.0 65 4 B
245 12 7.4 2.0 c 12 2 A
246 12 8.4 3.1 6 2 A
247 12 7.3 5.4 8 1 A
248 12 8.9 7.7 11 2 A
249 12 3.6 13.9 13 1 B
250 12 4.1 14.7 18 2 C
251 12 6.9 13.7 19 2 B
253 12 12.8 13.8 31 3 A
254 12 12.8 9.9 41 4 - B
255 12 13.1 2.7 31 4 C
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Crater Position (cm) Diameter
number Frame(s) from south from west (km) Class Quality
257 13 12.4 0.6 13 3 A
258 13 13.7 2.7 13 4 B
259 13 12.0 4.0 19 4 C
260 13 13.0 7.6 37 4 A
261 13 11.9 9.7 28 3 A
262 13 11.6 9.3 15 2 A
263 13 13.0 11.1 11 3 A
264 13 15.0 11.7 9 4 A
265 13 7.0 8.0 11 4 B
266 13,14 6.0,15.0 11.5, 4.1 40,42 4 A
267 13 7.2 14.0 10 3 A
268 13,14 3.9,12.5 12.5, 5.1 7,5 2 A
269 13,14 2.3,10.7 12.4, 5.1 41,45 3 A
270 13 13.8 11.3 11 3 C
271 13 14.0 5.9 9 2 B
272 13 10.3 9.3 23 4 C
273 13 5.6 12.6 14 3 B
274 13 6.7 5.2 21 4 C
275 13 5.1 6.6 20 4 C
276 13 3.9 8.0 36 4 C
277 14 4.4 6.5 21 4 A
278 14 3.3 10.2 33 4 A
279 14 1.4 11.7 12 4 B
280 14 6.9 6.2 18 4 A
281 14 11.4 9.2 7 1 A
282 14 8.4 10.2 86 4 A
283 14 9.8 12.4 12 4 B
284 14 10.9 14.4 41 2 A
285 14 14.6 11.3 22 4 C
286 14 12.5 12,2 43 4 B
287 14 6.9 11.4 19 4 C
288 14 7.4 9.6 19 4 C
289 14 8.4 9.0 22 4 C
290 14 4.4 4.6 58 4 C
291 14 2.5 6.0 8 1 A
292 14 1.8 6.8 9 1 A
294 15 1.4 12.5 22 2 C
295 15 7.8 8.1 19 4 C
296 15 11.8 6.0 26 4 A
297 15 13.0 7.3 18 4 B
298 15 14.5 10,2 37 4 A
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